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Abstract 

 

Polymer-vesicles systems are peculiar colloidal mixtures of increasing interest, due to their 

ability to mimic biomembranes, suitability as drug/gene delivery carriers, as well as their 

employment in formulation of paints, cosmetics, shampoos, etc.  

Basically, the final purpose concerns a rational design of hydrogels formulation at high water 

content, based on biocompatible polymeric networks, with tunable characteristics.  

Thus, six different research branches have been examined: 

- vesicles characterization and optimization (chapter 2); 

- vesicles stabilization, thanks to a complexation with -cyclodextrin (chapter 3); 

- surfactant-free gel (guar gum and borax – chapter 4); 

- monosurfactant-driven gel (pluronic F127 and alginate – chapter 5); 

- vesicles-driven gel-like systems, using two surfactant (chapter 6); 

- optimization of the mentioned composite systems, with catanionic vesicles and 

hydrophobically modified cellulose (chapter 7). 

Catanionic vesicles, in general, are originated by the association of two oppositely charged ionic 

surfactants in the presence of an excess of one of the two partners, for charge stabilization 

reasons. The main difference between catanionic vesicles and liposomes, the most famous 

aggregates of phospholipids, concerns their spontaneous formation [Kaler, 1989]. Furthermore, 

they offer the advantage of an infinite variety of starting materials, commonly cheaper and more 

reproducible than phospholipids, which gives the possibility of an easy tailoring of the self-

assemblies properties. Catanionic vesicles are characterized by a thermally induced transition 

from multilamellar, polydisperse, spontaneously formed vesicles to unilamellar ones [Andreozzi, 

2010; Milcovich, 2012].  

Mixing a polyelectrolyte (i.e. a ionic charged polymer) with oppositely charged vesicles leads to 

a wide variety of associations, which depend on vesicle composition, size, concentration and 

charge, together with polymer flexibility, charge density and effect of the chain 

substitution[Antunes, 2009]. 

Vesicles complexation with -cyclodextrins evidenced quite promising results for drug delivery 

applications, as vesicular nanoreservoirs can be stabilized thanks to a CMC increasing effect of 
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β-cyclodextrin, without occurrence of multiple phases. Experiments lead to conclude that, 

despite their ‘soft’ nature, catanionic vesicles can successfully resist to the addition of 

saccharide-based molecules. Thus, preliminary studies concerning both strong and weak 

hydrogels were performed, as reference systems. The final step involved the inclusion of 

catanionic vesicles in a cellulose-based polymeric network. 

Polymeric hydrogels based on non-covalent interactions, compared to chemical-crosslinked 

ones, are characterized by the absence of harmful, secondary products of the cross-linking 

reaction and by reversibility, thus these materials can be promptly responsive to external stimuli. 

These features look interesting in the perspective of biomedical use. Highly diluted polymeric 

hydrogels can be achieved thanks to several non-covalent cross-linking methods: both 

electrostatic and hydrophobic interaction cooperate within these systems and their role is due to 

the specific chemical substances involved. 

Guar gum is a natural, inexpensive polymer, which is able to produce a highly viscous solution 

even at low concentrations, and therefore it is used in several fields, such as food [Fox, 1997], oil 

recovery [Kucera, 1981] and personal care [Brode, 1991]; borax is considered an efficient 

crosslinker for polymers, bearing hydroxyl groups. 

The high viscosity of guar gum solutions is due to its high molecular weight (up to 2 million and 

further) [Vijayendran, 1984], as well as the presence of extensive intermolecular associations 

(entanglements), thanks to hydrogen bonds. In aqueous solution guar gum assumes a flexible coil 

conformation. Guar gum, crosslinked with glutaraldehyde, was proposed for colon delivery 

[Gliko-Kabir, 1998], and it was also tested as a matrix for oral solid dosage forms [Coviello, 

2007]. 

Moreover, a composite hydrogel formed by Pluronic F127 and alginate in water, crossliked using 

divalent ions, was designed to address an in situ sustained delivery for innovative 

antiproliferative agents [Grassi, 2007], employed to prevent coronary restenosis. Unfortunately, 

treated arteries may narrow again due to overproliferation of smooth muscle cells of the blood 

vessel wall (coronary restenosis); thus a solution can be constituted by antiproliferative agents 

such as innovative nucleic acid based drugs (NABD). The latter should be protected against 

enzymatic degradation and released constantly in the coronary artery for several months. So, an 

appropriate gel system has been designed, in order to line the coronary internal lumen by a drug 

loaded polymeric film. 
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Later on, a peculiar kind of gel-like systems, made up of natural and renewable polymers, 

crosslinked thanks to an interactions with ionic charged vesicles, has been tailored for many drug 

delivery purposes [Lin, 2011]. 

Currently, biopolymers and their derivatives are on stage as they are biocompatible, eco-friendly 

and biodegradable.  

Different types of cationic hydroxyethylcelluloses have been employed, considering they are 

highly biocompatible, cheap, possess antimicrobial activity, and therefore, widely used in 

personal care products, such as solutions for contact lenses and hair-care formulations [Ballarin, 

2011].  

These peculiar systems provide a non-denaturing environment for novel drugs based on 

polypeptides and polynucleotides, due to their very high water content [Vermonden, 2012].  
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CHAPTER 1 

Introduction to Soft Matter 

The study of soft condensed matter is a challenging subject where several scientific fields meet, 

like chemistry, physics, engineering, biology, pharmaceutical sciences. Soft matter includes 

colloids, liquids, polymers, foams, gels and several biological materials. 

 

1.1 SURFACTANTS 

Surfactants (surface active agents) belong to a group of molecules called amphiphiles. This 

means they are active at a surface, i.e., evidencing their attitude to absorb at interfaces. The term 

interface refers to a boundary between two immiscible phases. Surfactants hold both polar and 

apolar groups within the molecule: the polar part refers to the head group and the apolar is the 

tail. The structure of a surfactant is schematically shown in figure 1. 

 

 

Fig. 1. Schematic representation of a surfactant 

 

When solvent used is water, the head group is usually considered to be hydrophilic, while the tail 

is hydrophobic. The tail is usually a single hydrocarbon chain (may be linear or branched), 

whereas the head group can be a sulfate or an amine group (negatively or positively charged, 

respectively), or a polyoxyethylene group (nonionic). Due to the repulsion between the 

hydrophobic tail and water, there is a tendency to minimize their contact. Thus, surfactants in 

water orient themselves and the adsorption tend to decrease the surface tension.  

The length of the chain, the degree of branching, the position of the polar head group and the size 

of apolar/polar groups are important parameters in the physico-chemical properties of 

surfactants. Many products contain simultaneously surfactants in several interfaces, such as 

water paints, paper coating colors. For this reason, while choosing the right surfactant, a crucial 

factor is represented by its solubility, depending on the specific application 

Surfactants can be classified according to the polar head group. Thus, there are four different 

types of surfactants [Holmberg, 1998]: 
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- cationic. Most of the cationic surfactants are based on nitrogen compounds. They are the 

third largest class of surfactants and are not compatible with the anionic ones (unless a 

few exceptions). Their ability to adsorb on the surface is the main characteristic which 

makes them suitable for several application (their main uses are related to in situ surface 

modification). They are used as anti corrosive agents, dispersants, antistatic agent, fabric 

softener conditioner; 

- anionic. This is a class of quite commonly used surfactants, especially in detergent 

formulation. One reason for their increased use is due to their low cost and easy 

production procedures. Related counter ions are commonly sodium, calcium, ammonium, 

potassium and various protonated alkyl amines; 

- zwitterionic. Their main skeleton contains two oppositely charged groups which allow 

compatibility with all other types of surfactants. Their main application concerns 

cosmetic formulation as shampoos and creams; 

- non-ionic. In this case, the polar groups contain a polyether (consisting of oxyethylene 

units, made by polymerization of ethylene oxide) or a polyhydroxyl unit. Surfactants are 

usually pretty compatibles with all other types of surfactant. 

Moreover, at a certain surfactant concentration, the critical micelle concentration (CMC) form 

aggregates where the hydrophobic tails are hidden in the core while the head groups face the 

surrounding solvent. Micelle formation is triggered by the balance between elimination of tail-

water interactions (hydrophobic interaction, enhancing association) and repulsions between the 

head groups (electrostatic or steric interactions, opposing association). In contrast with surfactant 

monomers attitude, micelles are highly water-soluble. Surfactant micelles are equilibrium 

structures, where amphiphilic monomers exchange between micelles on a microsecond time 

scale, and micelles form and disrupt on a millisecond time order [Holmberg, 1998]. Provera et 

Al. demonstrated how NMR is such an interesting and suitable technique for CMC determination 

[Provera, 2011]. 

Above the CMC, the surfactant monomer concentration is only slightly changed, whereas the 

number of micellar aggregates increases. Other molecules, like long-chain alcohols, adsorb at 

interfaces too, but they do not exhibit self-assembly characteristics [Eastoe, 2005]. A spherical 

micelle is schematically shown in fig. 2.  



8 

 

 

Fig. 2. Schematic representation of the cross-section of a spherical micelle. 

A spherical micelle contains around 50-100 monomers. The radius of the hydrocarbon core is 

equal to the fully extended (all trans) hydrocarbon chain (l in nm) and can be calculated from 

[Safinya, 2006]: 

 

 

 

The first term concerns the size (van der Waals radius minus half of the C-C bond length) of the 

methyl group and the second one is the total size of the nc number of methylene groups. The 

spherical micelle is only one the possible micellar structure that can generate. In the limit where 

inter-aggregate interactions can be neglected, for instance at low concentration, it is possible to 

estimate the preferred aggregate structure thanks to simple geometrical considerations of the 

surfactant monomer. The surfactant parameter Ns (critical packing parameter, CPP) is related to: 

- the hydrocarbon chain volume (v),  

- the effective head group area (ao), 

- the hydrocarbon chain length (l). 

 

 

 

For Ns ≤0.33, spherical micelles preferably form, while for Ns =0.55 there are infinite cylinders, 

for Ns =1 planar bilayers are preferred and Ns >1 leads to inverted structures.  

 

 

 



9 

 

Table 1. Surfactant packing parameters and geometry of self-assemblies in water. 

 
Spherical micelles

Cylindrical micelles

Flexible bilayers/vesicles

Planar bilayers

Inverted micelles

(hexagonal phase)

 

 

The spontaneous curvature of the surfactant film in the aggregate, H, is an important parameter 

as well: it is positive for normal aggregates, negative for inverted structures and zero for planar 

bilayers. Micellization is quite sensitive to the surrounding environment, and both CMC and 

aggregate structure can be significantly influenced. The addition of salts has only a minor effect 

on the CMC of nonionic surfactants, while salt presence dramatically decrease the CMC and 

promote micelle growth in ionic surfactants [Holmberg, 1998]. This effect can be detected by 

studying the electrostatic properties of charged head groups. For nonionic surfactants, phase 

separation may occur by increasing temperature [Lindman, 2010]. Surfactant aggregation 
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structures follow the amphiphilic concentration in water, as per Fontell scheme (fig. 3). 

Oil-in-water

Micellar Hexagonal

Cubic Cubic Cubic

Lamellar

Reversed

hexagonal

Reversed

micellar

Water-in-oil

 

Fig. 3. Fontell scheme displaying the surfactant aggregation structures, as a function of the amphiphilic 

concentration in water (Reproduced from [Fontell, 1990]) 

 

By increasing the surfactant concentration, the aggregates curvature slows down, and the mixture 

pass from oil-in-water to water-in-oil. It is extremely helpful to test these systems through a 

cross-polarizer in order to detect the presence of isotropic (properties independent of direction) 

and anisotropic phases (properties dependent from direction). Further interesting insights can be 

obtained thank to scattering techniques. 

At equilibrium, all mixtures obey the Gibbs phase rule [Evans, 1992] 

 

Where p is the number of present phases, f is the number of degrees of freedom and c is the 

number of components. Then, for example, in a binary mixture, at a constant pressure (i.e. a 

surfactant in water), the number of degrees does not exceed two, so a simple 2D representation 

can describe the phase behavior. Liquid crystalline phases include hexagonal, cubic and lamellar 

phases. They are characterized by high viscosity [Holmberg, 1998], a long-range order and a 

short-range disorder: their attitude stretches from liquid to crystals. Liquid crystalline phases can 

be divided as following: 
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- lamellar phase. It consist of planar, parallel surfactant aggregates (bilayers), where tails 

are excluded from the solvent. Lamellar phases are anisotropic since they have long-

range order in only one dimension; 

- hexagonal phase. Essentially, it is formed by long cylindrical aggregates. It is anisotropic 

with long-range order in two dimensions.  

Even though catanionic vesicles are on-stage since ca. 20 years in the scientific area, only few 

industrial patents are reported and fundamental studies have been developed, in spite of systems 

like liposomes or niosomes (table 2). Thus, catanionic mixtures represent a novel investigation 

field for multiple applications. 

 

Table 2. Number of literature references present on Web of Science™ with key words “catanionic vesicles”, 

“niosomes” and “liposomes”. 

 

 Catanionic 

vesicles 

Liposomes Niosomes 

Number of patents 3 726 17 

Number of articles, reviews, books 387 100 355 538 

Number of references 431 105 007 569 

 

 

1.2 POLYMERS 

A polymer is a macromolecule composed by repeated chemical units, known as monomers. 

Polymers can be divided into classes depending on their origin, chain structure, type of 

monomeric units, distribution of monomers, polarity of monomers, morphology, mechanical 

attitude [Holmberg, 1998]. 

Based on the origin, two main types of polymer are described:  

- natural polymers (e.g. polysaccharides and proteins); 

- synthetic polymer (e.g. plastics and adhesives). 

The chain structure defines whether the macromolecule is a homopolymer (identical repeating 

units) or heteropolymer (composed by two or more different kind of monomers). A polymer 

containing more than one repeating monomer is called copolymer; monomers are covalently 

linked. 
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Copolymers can be classified according to the distribution of its monomers, as: 

- randomly distributed; 

-  block distributed; 

- distributed by grafted. 

They can also be classified according to the polarity of the monomer units:  

- non-polar (e.g., polymers of polystyrene and polyethylene),  

- polar, but insoluble in water, such as poly (methyl methacrylate) and poly (vinyl acetate), 

- water soluble, such as polyoxyethylene and poly (vinyl alcohol),  

- ionizable or polyelectrolytes, such as poly (acrylic acid). 

The molecular structure and conformation of a polymer can influence polymeric characteristics 

as well. In a linear polymer, each monomeric unit is linked only to two monomers, while in a 

branched there are secondary chains which can interact. Cross-linked polymers present chemical 

bond through the polymeric chains, usually at high molecular weight.  

 

a) b) c)

 

 

Fig. 4. Different polymeric structures: a) linear, b) branched, c) crosslinked. 

An important parameter for quality control in a polymeric material consist of its molecular 

weight. The relative molecular weight is a function of the number of repeating units which forms 

the polymer. This means that the relative molecular weight depends on degree of polymerization  

(number of monomeric units in each molecule) and relative molecular weight of each repeating 

unit [Tuminello, 1999]. 
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Fig. 5. Typical distribution of relative molecular weight for a synthetic polymer (Mn correspond to the average 

mass, while Mw is the weighted average mass) 

 

Polymers can assume different conformation in solution, depending on: 

- solvent-monomer interactions; 

- solvent-solvent interactions; 

- monomer-monomer interactions. 

In a good solvent, monomer-solvent interactions are attractive, leading to an extended polymeric 

conformation; viceversa, in a bad solvent the polymer will assume a supercoiled conformation, 

in order to minimize the unfavorable monomer-solvent interactions. 

Polymers behave in solutions depending on their concentration, and three different concentration 

classes can be identified.  

In a dilute situation, polymers act as single molecules, where the global polymer volume fraction 

equals the polymer volume fraction in a polymer domain at infinite dilution. In case of semi-

diluted region, inter-chain entanglements are present and characterized by remarkable 

interactions between monomers of different chains. The solution viscosity rises by increasing the 

polymer amount and the polymeric molecules are forced to move along their longitudinal axis by 

reptation motion[Pokrovskii, 2008]. 
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1.3 POLYELECTROLYTES 

Polyelectrolytes are polymers whose repeating units hold a charged group: their properties are 

thus similar to both electrolytes (salts) and polymers. 

A polyelectrolyte is a polymer which tends to dissociate into charged polyion and its oppositely 

charged counterions, in aqueous solution. The counterions usually spread around the polyion, 

thanks to a long-range polyion-counterion mutual attraction. The counterions distribution can be 

described by the Poisson-Boltzmann equation [Makita, 2006], generating an electrical double 

layer. Polyelectrolytes are extremely water soluble, due to their polarity in the aqueous medium. 

This attitude is mainly related to an increase in the translational entropy associated to the 

counterion release (on polyion-counterion dissociation), rather than simple attractive ion-dipole 

interactions with water.  

Many biological molecules are polyelectrolytes, for example, polypeptides and DNA. Both 

natural and synthetic polyelectrolytes are used in a variety of industries. 

Similarly, polyelectrolytes can be divided into 'weak' and 'strong' types [Carrillo, 2010]. 

A 'strong' polyelectrolyte is one which dissociates completely in the entire pH range of aqueous 

sytems. Conversely, a 'weak' polyelectrolyte, has a dissociation constant (pKa or pKb) in the 

range of 2 to 10. 

The polyelectrolytes can be divided into [Abuin, 1989]: 

a) cationic; 

b) anionic. 

When the polyelectrolyte hold only one type of charged monomer, it is possible to define the 

degree of ionization , as fraction of ionizable groups which have been ionized. This 

characteristics depends on pH as per the equation below: 

 

 

Where pK is the acidity constant pKa of the monomer. The degree of expansion of a 

polyelectrolyte increase with the degree of ionization, due to repulsive forces through charged 

groups. Higher amphiphilic properties can be obtained by adding further hydrophobic functional 

groups to the polyelectrolyte. The mentioned addition causes surfactant-like properties when the 

hydrophobically modified polyelectrolyte is dissolved in water [Bu, 2007]. Amphiphilic 
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polyelectrolytes can be classified by their charge density and hydrophobic substitution of the 

polymeric chain.  

When the charge density is high and the hydrophobicity is low, the intra-chain electrostatic 

repulsions overcome the hydrophobic attractive interactions within the side chains, thus, the 

polyelectrolyte tends to assume an extended conformation. 

Conversely, in case of a low polyelectrolyte charge density, hydrophobic attractive forces prevail 

and the molecule adopts a supercoiled form.  

The mentioned attitude is due to the polarity of the side chains: a polyelectrolyte with apolar side 

chains is quite affected by the hydrophobic interactions when in aqueous solution (inter and 

intra-molecular interactions). Therein, hydrophobic micro-domains protect the polyelectrolyte, 

avoiding the contact with the solvent.  

Usually, hydrophobically modified polyelectrolytes include few hydrophobic groups along the 

chain itself, aiming to high stability solution (compared to similar solutions, with unmodified 

polyelectrolytes) [Zhu, 2007]. 

At high polymer concentrations, the inter-molecular interactions are dominants, remarkably 

increasing the viscosity [Mylonas, 2006]. 

Thanks to their amphiphilic characteristics, hydrophobically modified polyelectrolytes comprise 

several application field like: 

- ‘green’ substitutes for organic solvents [Lindman, 1993]; 

- pharmaceutical and cosmetic industry [Kaffashi, 2005]; 

- paints [Seng, 1999; Tan, 2000a]; 

- papers [Tan, 2000b]. 

The volume that a polyelectrolyte occupies in aqueous solution compared with its individual size 

is responsible for the rheology influence. For instance, in polymers and copolymers bearing acid 

groups, the viscosity increase can be due to the neutralization of the mentioned acid groups 

thanks to the interaction with organic/inorganic substances, converting the acid groups to the 

related salt form and thus extending the polymer conformation. 
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CHAPTER 2 

Catanionic vesicles as drug delivery systems: diffusion and release properties 

 
2.1 INTRODUCTION 

Amphiphiles are peculiar molecules characterized by a double behavior: one moiety of the 

molecule is “solvent-loving” (lyophilic), while the other is “solvent hating” (lyophobic). 

Catanionic vesicles are colloidal hollow structures which easily generate thanks to a self-

assembly of oppositely charged ionic amphiphiles. Herein, anionic-cationic surfactant pair 

assumes a double-tailed zwitterionic attitude. Two oppositely charged single-tailed surfactants 

can associate into a zwitterionic pseudo-double chained structure [Kaler, 1989; Salkar, 1998]. 

Nowadays, these vesicular systems are of increasing interest as they are widely employed in 

pharmaceutical/biotechnological field (e.g. targeted gene therapy, medicated syrups, eye drop 

products, etc.) [Bonincontro, 2008;  Guida, 2010]. Indeed, they mimic biological membranes and 

related compartmentalization properties, noteworthily their preparation is quite cheap and easy 

[Kaler, 1989; Andreozzi, 2010].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Pairing of two oppositely charged single tailed amphiphiles. 

Catanionic mixed systems, with a slight excess of the anionic surfactant, have been studied. They 

tend to spontaneously aggregate [Whitesides, 2002] into multi-walled vesicular structures 
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[Andreozzi, 2010].  They can be susceptible to multi-to-unilamellar transition, which is driven by 

different factors, like salt/co-solutes addition, chain length and temperature [Antunes, 2009].  

It has been gathered that a temperature increase enhances the anionic counterion dissociation, 

which can be assumed as one of the driving forces of the mentioned transition. Herein, 

temperature effects have been investigated by means of spectroscopic techniques (NMR, UV-

Vis), fluorescence microscopy, polarized light microscopy and DLS. 

PGSTE (pulsed gradient stimulated echo) is a useful NMR experiment which can separate 

signals of multicomponent mixtures spectra thanks to a different diffusion attitude of the 

molecular species [Johnson, 1999]. Transverse relaxation rate R2 is a powerful NMR tool for 

several biological/chemical investigation [Shekar, 2010]. 

Considering that sodium corresponds to the counterion of the anionic component, sodium 

transverse relaxation rates (23Na-R2) have been determined.  

23Na isotope has a spin of I=3/2, a natural abundance of 100% and high NMR sensitivity. 

Therefore, its relaxation is governed mainly by the quadrupolar mechanism and NMR dynamic 

parameters are suitable to explore self-assembly properties of catanionic systems [Furo, 2005]. 

Table 1. Critical micellar concentration and net charge of the employed surfactants. 

 

Component CMC Surfactant net 

charge 

Sodium decylsulphate (SdS) 33 mM 

[Quintela, 1987] 

Negative 

Sodium dodecylsulphate (SDS) 
8.3 mM 

[Cifuentes, 1997] 

Negative 

Cetyltrimethylammonium 

bromide (CTAB) 

0.93 mM 

[Cifuentes, 1997] 

Positive 

Cetylpyridinium bromide (CPB) 0.33 mM 

[Battacharya, 2005] 

Positive 

 

Soluble and miscible species have been used, and related molecular solubility scales with their 

critical micellar concentration, with the following sequence SdS > SDS > CTAB > CPB. The 

mentioned series is probably related also to the partition of the oppositely charged species 

between vesicles and the bulk.  
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2.2 EXPERIMENTAL 

2.2.1 Sample preparation  

Sodium dodecyl-sulphate (SDS) has been obtained from BDH Chemicals Ltd. Pool. England 

(purity grade 99,0%), while cetyl-trimethyl ammonium bromide (CTAB) has been purchased 

from Sigma-Aldrich (puriss ≥96%) , as well as cetylpyridinium bromide (CPB) and sodium 

decylsulphate (SdS). Aqueous solutions of CTAB, SDS, CPB and SdS have been prepared and 

subsequently mixed in order to obtain vesicular solutions. Different molar ratios (R) have been 

employed, at a constant CTOT= 6 mM (i.e. about 0.2% wt). 

 

2.2.2 Multinuclear NMR experiments 

1H NMR measurements were carried out on a Jeol Eclipse 400 NMR spectrometer (9.4 T), 

equipped with a Jeol NM-EVTS3 variable temperature unit, operating at 400 MHz for 1H, with 

lock on CDCl3, in coaxial tube. 23Na NMR measurements [Woessner, 2001] were carried out on 

a Jeol Eclipse 400 NMR spectrometer (9.4 T), equipped with a Jeol NM-EVTS3 variable 

temperature unit, operating at 105.75 MHz, without field frequency lock. The 23Na-R2 

(transverse relaxation rate R2 =1/T2) were measured by Hahn Echo. For 2H NMR experiments, 

the spectrometer was operating at 61.37 MHz, while 14N spectra were recorded at 28.88 MHz (no 

field frequency lock as well). 

2.2.3 PGSTE measurements 

The 1H NMR measurements were carried out on a Varian 500 MHz NMR spectrometer (11.74 T) 

operating at 500 MHz for 1H, equipped with a model L650 Highland Technology pulsed field 

gradient (PFA) amplifier (10 A) and a standard 5 mm indirect detection, PFG probe. The lock 

was made on CDCl3 in coaxial tube, containing tetramethylsilane (TMS) as 1H chemical shift 

reference. A oneshot sequence has been employed for diffusion measurements [Pelta, 2002; 

Johnson, 1999], with 20 different z-gradient strengths, Gz , between 0.02 and 0.54 T/m, a pulsed 

gradient duration, δ, of 2 ms, and at different diffusion interval (). At each gradient strength, 64 

transients have been accumulated employing a spectral width of 11 ppm over 16K data points. 

Solvent suppression was accomplished by presaturation. The gradients were calibrated on the 

value of D= 1.90·10-9 m2s-1 for 1H in D2O (99.9%) at 298.16K (25°C) [Antalek, 2002].  
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The values of the self-diffusion coefficient, D, were obtained by Tanner equation fitting to 

experimental data [Tanner, 1970]. 

          
where: 

- E and E0 are the signal intensities in the presence and absence of Gz, respectively, 

- D is the diffusion coefficient, 

-  is the nuclear gyromagnetic ratio 26.75 •107 rad s-1 T-1 for 1H nucleus, 

-  is the gradient pulse width,  

- G is the gradient amplitude,  

- (-/3) correspond to the diffusion time corrected for the effects of finite gradient pulse. 

PGSTE NMR spectra were processed using MestRenova and self-diffusion coefficients were 

determined by linear regression with Excel.  

2.2.4 UV-Vis  

Spectral and absorbance measurements were carried out by using Shimadzu UV/Vis 

spectrophotometer model UV-2450, equipped with a Peltier temperature control unit; 1.0cm 

thickness matched quartz cells were used for the entire experimental work. 

2.2.5 Polarized Light Microscopy 

A Leitz Pol-Orthoplan microscope, equipped with differential interference contrast (DIC) lenses, 

was used. The main goal was to check the presence of crystals or anisotropic liquid crystals, such 

as lamellar phases, under polarized light. Samples were observed at room temperature, both 

immediately after preparation and several days later. 

2.2.6 Confocal microscopy 

The integrity of catanionic vesicles has been determined using acridine orange (AO) as 

fluorescent probe. Samples were stained for 10 minutes with AO (0.3mg/ml) and covered from 

sunlight. Immediately after, samples were examined using an Olympus microscope equipped 

with BX51M a mercury UV-lamp (1000W Ushio Olympus) with a set of filters of the type 

MNIBA3 (470 nm excitation and 505 nm dichromatic mirror). 

Subsequently, images were digitized through a video camera (Olympus DP70 digital camera) 

and analyzed with a raw image (Olympus DP Controller 2.1.1.176, Olympus DP Manager 

2.1.1.158). All observations were made at 298.16K (25ºC). 
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2.3 RESULTS AND DISCUSSION 

2.3.1 CTAB/SDS system 

Different molar ratios (R) have been employed, at a constant CTOT= 6 mM (i.e. about 0.2% wt). A 

temperature slightly higher than 298K (25°C) has been used, in order to make sure that alkyl 

chains are in fluid-like state and mixing is ideal. 

When R≠ 1, negatively or positively charged vesicles originate. 

Only the anionic side of the phase diagram has been investigated, as both in the cationic one and 

the R=1 region precipitation occurred. Moreover, for R=1 vesicles exhibit a Krafft point above 

373K (100°C) [Marques, 2002] and are not suitable for biological purposes. Very diluted 

solutions have been used in order to avoid the occurrence of multiple phases/micelles in 

vesicular samples. 

 
Fig. 2. Typical phase diagram of a catanionic mixture. 

 

An excess of sodium dodecylsulphate has been used, i. e. R >1 (R= SDS/CTAB molar ratio), 

considering that a net charge allows vesicles to be stable. When generated, vesicular solution 

appears milky, due to the presence of multilamellar structures, while after the thermal transition, 

turbidity completely disappears (fig. 3), related to a conversion to unilamellar aggregates with 

lower hydrodynamic radius [Andreozzi, 2010]. 

The presence of anisotropic lamellar phases, both prior and after thermal transition, have been 

ruled out due to: 

 a lack of water signal splitting in  2H-NMR spectrum (fig. 3); 

 the absence of birefringence in the polarized light microscopy observations. 
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Fig. 3. Decrease of turbidity with heating (left) and 2H-NMR spectrum (right) of SDS/CTAB aqueous solution. 

 

Relevant information into the bilayers ordering has been provided by the 14N NMR spectrum 

(14N nucleus has I=1) of the tetraalkylammonium head group, which is the molecular moiety 

with the lowest mobility. The residual quadrupolar splitting (23.5 kHz) is comparable to those 

found in diluted lyotropic liquid crystals. Despite of the isotropy of the sample, the line width is 

rather small, due to an orientational effect caused by the magnetic field, as already known for 

liposomes. 

 

 
Fig. 4. 14N-NMR of SDS/CTAB aqueous solution (R=1.5 sample). 

 
23Na transverse relaxation rates, R2, are quite more sensitive to slow motions than longitudinal 

relaxation rates, R1. Bearing in mind that catanionic systems are very diluted, no significant 

deviation of the echo decay from a single exponential has been detected, neither prior nor 

subsequently of the transition. Thus, R2 values are averages of those for central and satellite 

transitions [Woessner, 2001]. 23Na R2 corresponds to the interaction of the counterion with 
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negatively charged aggregates, being remarkably higher than for free Na+ (e.g. NaI 0.1 M 

solution). Conversely, R1 trends do not differ significantly from that of free Na+. 

Moreover, it has been noticed that larger 23Na R2 values correlate with greater molar ratios. 

By increasing temperature, an R2 decrease has been detected, while approaching the critical 

transition temperature, till it reaches free Na+ value (fig. 5).  

 

 
Fig.5. 23Na-R2 trends vs. temperature for different molar ratios (R), both before and after thermal transition, 

compared with a NaI 0.1 M solution (free Na+), and a micellar solution of SDS. 

 

 

The dissociation of Na+ from the aggregates can be considered as the main source of the R2 

values decrease on temperature increase. The latter affect the packing parameter, which is 

responsible for the spontaneous interfacial curvature, due to a screening decrease of the repulsive 

interactions among head groups of the same charge. Moreover, it influences the tail mobility, 

enhancing the related volume.  
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Fig. 6. 23Na-R2 values for 1,85 SDS/CTAB vesicular solutions (before and after thermal transition), compared 

with a standard solution of NaI (free Na+), and a micellar solution of SDS 

 

 

R2 measurements taken some days after samples have been brought back to room temperature, 

reported higher trends (especially for the higher molar ratios), due to changes in the correlation 

times of the motions modulating the quadrupolar interaction. Probably the process is also related 

to a lower sodium dissociation, thus confirming a dodecylsulphate vesicles content raise, after 

the transition, as inferred from 1H-NMR (fig. 7). 

Detectable 1H-NMR signals correspond to those of the monomeric anionic surfactant, showing 

no signal for cetyltrimethylammonium. 

1H dodecylsulphate resonances revealed a line width increase altogether with heating cycle, due 

to a faster dodecylsulphate exchange among bulk and vesicles.  

Integrals analyses indicated lower values at high temperatures, related to an uptake of the anionic 

component into the aggregates and therefore to a greater dodecylsulphate amount in vesicles 

composition. 
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Fig. 7. 1H-NMR integrals of an SDS/CTAB aqueous solution. From bottom to top: 303 K, 323 K, 303K 

immediately after transition and 303K two weeks after transition. Peaks of water included in CDCl3 are 

marked with *. 
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Comparison of different diffusion intervals confirmed that solutions are isotropic, as no shift 

changes have been detected with diffusion coefficients (fig. 8 ). 

 

Fig. 8. PGSTE-NMR spectra of 1.85 molar ratio SDS/CTAB solutions, collected at 303K, with Δ=60ms (left) 

and Δ=10ms (right). 

 

An interesting slope difference has been found by plotting PGSTE echo decays at different 

diffusion delay (=10 ms, =60 ms) for vesicular samples, while no deviations were present 

both in  micellar and monomeric samples. 

The anionic partner has been found to be involved in a fast exchange with the bulk in micellar 

samples (104Hz), while a slow exchange (~3 Hz) between the aggregates and the bulk has been 

noticed for dodecylsulphate embedded in vesicles.  

Thus, elaborating PGSTE data at different delta intervals () as proposed by Johnson [Johnson, 
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1999], it has been revealed a dependence of the echo decays on delta intervals ( in vesicular 

solutions. Conversely, no relationship among echo decays and diffusion delays have been 

reported for both monomeric and micellar samples. 

 

 
 

Fig. 8. Plot of the echo decays at different diffusion intervals at 303K (=10ms, =60ms) for a SDS micellar 

solution (10mM), SDS monomeric solution and vesicles at R=1.85. 

 

The comparison between different diffusion intervals confirmed that the solutions are isotropic 

as no shift changes were detected with diffusion coefficient. Moreover, considering that only one 

diffusion coefficient D was detected, no liquid crystals are present in any sample (as confirmed 

by polarized light microscopy). Elaborating diffusion decays at different diffusion interval , it 

has been observed that both micellar and monomeric samples did not exhibit any difference in 

the attenuation slope (extremely fast exchange between the studied species and the bulk). 

Viceversa, in the vesicles case, a remarkable difference among the =10ms and =60ms slopes 

have been detected. Thus, a slow exchange constant was determined in the range of few hertz.  

Following the vesicles thermal transition by PGSTE experiments on a R=1.85 sample, a =10ms 

could not allow the spectrometer to detect any changes before/after the thermal ramp. By 

increasing the diffusion interval to 60 ms, slower echo decays have been determined after the 

thermal transition, as well as a slightly faster exchange between the aggregates and the bulk. This 
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observation confirms a pseudo-phase transition (from multilamellar to unilamellar vesicles), 

involving thermodynamic changes in the system [Guida, 2010]. 
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Fig. 9. Plot of the echo decays at different diffusion intervals (=10ms, =60ms) for vesicles at R=1.85, 

following the heating ramp (303K, 308K, 313K and 303K after the transition). 

 

 
Rn=(1/T1n ) + Dn q2 describes the relaxation and n  =qvn is the frequency resulting from uniform 

flow in the z-direction. 

 
Relative populations in the aggregates (free component and included) have been determined by 

comparing 1H-NMR dodecylsulphate integrals of monomeric (6mM), micellar (10mM) and 

vesicular solutions (3.9 mM for R=1.85). 1H-NMR integral comparison demonstrated that a few 

amount of dodecylsulphate in vesicular aggregates is available for detection, while the exact 

concentration of  dodecylsulphate was found both in micellar (10mM) and monomeric (6mM) 

samples. 

 



29 

 

 
Fig. 10. 1H-NMR integrals comparison of aqueous solution related to (bottom to top) monomeric SDS, 

micellar SDS, and SDS/CTAB (R=1.85), at 303 K. Integral values are referred to the water included in CDCl3. 
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2.3.2 CPB/SDS-CPB/SdS system 

In order to compare several vesicular systems and select the most appropriate and stable, 

CPB/SDS (cetylpyridinium bromide/ sodium dodecylsulphate) and CPB/SdS (cetylpyridinium 

bromide/ sodium decylsulphate) have been examined through NMR and UV-Vis spectroscopy, 

taking advantage of the pyridine substituent. Different partners have been employed both anionic 

(vesicular systems) and cationic (mixed-micellar system). 

The molar ratio R was defined as:  

 
Preliminary NMR studies 

A system composed by sodium decylsulphate (SdS), cetylpyridinium bromide, with fully 

deuterated head group, (CPB-d5) at a molar ratio R= 1.7  was exploited by 2H-NMR. 

As well as the CTAB/SDS systems, the vesicular solution appears milky and no birefringence 

was detected.  
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Fig. 11. a) 2H-NMR integrals comparison of CPB/SdS related to at (bottom to top) 303 K, 313K, 319K and 

338K. Signals correspond to the fully deuterated head group of CPB; b) pyridinium head group axes system. 

 

As it is possible to observe in fig. 11, (2H(2)) and (2H(3))  are remarkably different, due to 

the geometry distortions of the pyridinium ring from a regular hexagon.  

The 2H NMR spectrum displays a residual quadrupolar splitting (2H(i)) for the i signals of the 

pyridinium ring (of the same order of an L lamellar phase). Viceversa, the HOD resonance is a 

singlet, confirming the isotropy of the solution as well as previously studied systems 
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CTAB/SDS. The maxima in a Pake doublet (solid-state NMR) correspond to the equatorial 

orientation on a sphere. Thus, deviations from the powder patterns, at the lowest temperature,  

suggest a bilayers orientation due to the presence of a strong magnetic field (fig. 12). As a 

consequence, ‘soft’ catanionic vesicles are supposed to assume an oblate shape. 

 

 

magnetic field

 
Fig. 12. Representative scheme of CPB/SdS vesicles deformation in magnetic field. 

 

The above mentioned deformation perfectly fits with the low elastic constant found for SDS-

CTAB vesicles [Andreozzi, 2010]. 

By increasing temperature, the (2H) values decrease and the spectral lines broaden remarkably, 

confirming an exchange between the surfactant molecules of the vesicles and the monomers in 

the bulk. 

These trends appear opposite to what previously observed for the 2H-NMR of the tails in the 

catanionic system myristic acid-CTA, related to higher alkyl chain motions with a heating ramp 

[Michina, 2010].  

1H-NMR spectra have been collected on CPB/SDS system and compared to the reference system 

of CTAB/SDS. The only detectable component is the free SDS portion, in exchange among 

vesicles and the bulk. 

 23Na-R2 trends for the same mixture are quite similar to those found for the SDS/CTAB system 

after thermal transition, accordingly with the absence of visible turbidity. 
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Fig. 13. (left)1H-NMR integrals of an SDS/CPB aqueous solution, bottom to top: 303 K, 323 K, 303K after 

transition; (right) 23Na-R2 values for 1,85 SDS/CTAB vesicular solution (before and after thermal transition), 

1,85 SDS/CPB vesicular solution (before thermal transition), compared with a standard solution of NaI (free 

Na+), and a micellar solution of SDS. 

 

 

Effect of the chain length of the anionic partner 

 

Both sodium dodecyl sulphate and sodium decyl sulphate have been used, and it has been 

observed that CPB/SdS vesicles exhibits a greater scattering, due to an absorbance increase from 

the baseline, and a  blue shift, probably related to a greater interaction among CPB and SdS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14. UV-Vis spectra of a CPB/SdS solution (violet), CPB/SDS (dark green), CPB (light green), SDS (blue), 

SdS (red), at 303K (25°C). 



33 

 

Effect of the temperature 

 

It has been found that an increase of the temperature, over the transition limit, leads to an 

absorbance decrease of the vesicular system. It has been found that the heating cycle generates a 

turbidity decrease (as well as the scattering), altogether with a blue shift, compared with the 

same sample at 303K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 15. UV-Vis spectra of a CPB/SDS solution at 303K (dark green), CPB/SDS solution at 323K (light green), 

CPB at 303K (blue). 

 

2.3.3 System optimization 

Many surfactant mixtures have been investigated, but the most promising model seemed to be 

the one composed by SDS (sodium dodecylsulphate) and CTAB (cetyltrimethylammonium 

bromide). Further investigation on other systems revealed that e.g., CPB (cetyl pyridinium 

bromide) tends to generate also crystals, together with vesicles. 
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Fig. 16. CPB/SDS system fluorescence micrographs: on the left, 1 month after preparation (crystals), on the 

right, 24h after preparation (vesicles), all coming from the same solution. 

 

Thus, the employment of cetyl pyridinium bromide is supposed to reduce the stability of the 

generated aggregates as it possesses the lowest CMC of the considered surfactants [Battacharya, 

2005]. 

By comparing polydispersity and size of CPB/SDS and CTAB/SDS systems, it has been 

observed that CPB/SDS samples contain giant vesicles (diameter size of the order of 1m), 

extremely polydispersed. CTAB/SDS aggregates exhibit a lower dispersity, as well as smaller 

dimensions. 

 

 
 

Fig. 17. Confocal microscopy comparison: on the left, CTAB/SDS vesicles (R=1.85), on the right, CPB/SDS 

vesicles (R=1.85). 

 

As a consequence, CTAB has been finally selected as the most appropriate cationic partner for 

vesicles self-assembly, because it was associated to samples with the lower polydispersity, higher 

stability and the best aggregates diameter [Prabha, 2002]. 
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In order to assess whether the final system was sensitive to spectroscopy analysis, UV-Vis 

spectra were acquired, in a temperature interval of 303K-327K (30°C-54°C), every 2K (2°C) of 

the heating ramp. 

First of all, a sort of ‘turbidity’ was identified, in a range of around ≈500-550nm, thus in the 

visible wavelength. 

Moreover, quite interestingly, by plotting on a log/log graph the obtained results, a slope with -

2.3 inclination was found, which correlates with a Mie scattering. This findings perfectly agrees 

with previous DLS measurements (particle size approx. 500-550nm) [Andreozzi, 2010]. 

 

303K-319K

320K

321K-327K

 
 

 

Fig. 18. (left) UV-Vis spectra of a CTAB/SDS solution from 303K (30°C) to 327K (54°C); (right), log/log plot 

of absorbance vs. wavelength 
 

 

By compairing UV-Vis and 23Na-NMR results, it has been observed that both techniques are 

suitable and sensitive to study the multi-to-uni-lamellar vesicles transition. 
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Fig. 19. Comparison of turbidity and 23Na transverse relaxation rates  a CTAB/SDS solution. 

 

 

 

2.4 CONCLUSIONS 

 

Several amphiphilic mixture systems have been characterized thanks to spectroscopic and 

microscopic techniques. 

Interesting trends on temperature changes have been provided by 23Na transverse relaxation 

rates, which are highly responsive to slow motions. 

The system characterization afforded by 23Na NMR, during heating evidences a dissociation of 

sodium, which takes place prior to the critical transition temperature [Andreozzi, 2010].  By 

increasing the temperature, a release of SDS from the bilayers of the pristine multilamellar 

aggregates occurs, followed, when back at room temperature, by a diffusion over unilamellar 

aggregates with higher curvature, which, possibly, accelerates 23Na transverse relaxation.  

Thus, monolayer aggregates may be stabilized by spontaneous curvature, at high temperature. 

Similarly, 1H-NMR spectra suggest an SDS/CTAB ratio increase, with thermal transition, in the 

bilayer composition.  

The surface net charge, together with steric interactions, might lead to a strong repulsion between 

bilayers, resulting in a multilamellar to unilamellar transition.  
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The 2H NMR data indicate that a dynamical phenomenon takes place approaching the transition 

temperature.  

PGSTE experiments revealed slower diffusion coefficients in vesicles after the thermal 

transition, as well as a slightly faster exchange between the aggregates and the bulk. This 

observation confirms a pseudo-phase transition (from multilamellar to unilamellar vesicles), 

involving thermodynamic changes in the system [Guida, 2010]. 

Multiwalled catanionic vesicles should be generated at room temperature, as heating can 

interfere with the preparation procedure, originating unilamellar structures, which are metastable, 

when back at room temperature. 

Considering that the negatively charged partner is characterized by the shortest chain length of 

the mixture, the anionic excess may promote vesicle curvature, stabilizing the aggregates. 

Indeed, after heating transition, unilamellar form prevails [Andreozzi, 2010]. 

CPB (cetyl pyridinium bromide) tends to generate crystals, so its employment was supposed to 

reduce the stability of vesicular aggregates. Then, despite its extremely useful UV adsorption 

bands, CTAB was selected for the following studies (cap. 3, 6 and 7). 

For what concerns the anionic partner, sodium decylsulphate (SdS) has been considered to hold a 

too short alkyl chain, leading to an extremely high mobility of the monomers of the aggregates, 

as inferred by 2H-NMR in CBP/SdS samples (CPB with deuterated head group). 

In conclusion, catanionic vesicles showed interesting temperature tunable changes both in their 

lamellar composition and curvature; subsequent studies were performed on the CTAB/SDS 

system. 
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CHAPTER 3 

Effect of β -cyclodextrin on multi-to uni-lamellar thermal transition of 

catanionic vesicles 

 
3.1 CYCLODEXTRINS 

A cyclodextrin (CD) is a cyclic oligosaccharide composed by glucose units connected through 

(1,4)--glucoside bonds [Szejtli, 1998]. Its 3D molecular structure resemble s a truncated cone, 

with a polar exterior and a less polar inner core. It is supposed that the cavity environment is 

similar to solvent such as an alcohol [Connors, 1997].  

 

Fig. 1. 3D characteristic structure of a cyclodextrin. 

 

Cyclodextrins are able to generate inclusion complexes in aqueous solution by replacing water 

molecules in the cavity with small hydrophobic molecules or hydrophobic moieties of bigger 

molecules, leading to an apparent increase of solubility of the complexed molecule. 

Cyclodextrins hold several industrial applications like pharmaceutical formulations, food 

products and cosmetics [Hegdes, 1991; Davis, 2004]. They also demonstrated to be able to 

modulate the rheology of hydrophobically modified polymers [Karlson, 2002]. As per the figure 

below, cyclodextrins can be classified, depending on their number of glucose units, in : 

- -cyclodextrin (6 glucose units); 

- -cyclodextrin (7 glucose units); 

- -cyclodextrin (8 glucose units). 
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-cyclodextrin -cyclodextrin-cyclodextrin
 

Fig. 2. Chemical structures of the three main classes of cyclodextrins. 

 

They are mainly produced by starch enzymatic degradation, employing cyclodextrin glycosyl 

transferases [Biwer, 2002]. Sizes and main characteristics of cyclodextrines can be found in the 

table below. 

 

Table 1. Characteristics of cyclodextrins [Connors, 1997] 

 

Species Number of 

glucose 

units 

Inner diameter Outer 

diameter 

Height Solubility 

-cyclodextrin 6 13.7 Ǻ 5.7 Ǻ 7.8 Ǻ 0.1211 M 

-cyclodextin 7 15.3 Ǻ 7.8 Ǻ 7.8 Ǻ 0.0163 M 

-cyclodextrin 8 16.9 Ǻ 9.5 Ǻ 7.8 Ǻ 0.1680 M 

 

An interesting attitude of cyclodextrins concerns their aqueous solubility, which is influenced by 

the number of glucose units. The extremely low solubility of -cyclodextrin is due to the low 

energy of its crystal state [Szejtli, 1998]. The solubility of -cyclodextrin can be remarkably 

increased thanks to chemical modification and the hydrophobic substitution leads to highly 

soluble derivatives [Szente, 1991]. The same “solubility paradox” was reported for cellulose 

[Lindman, 2010]. 
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3.2 SURFACTANT-CYCLODEXTRINS MIXTURES 

It is well known that cyclodextrins can lead to inclusion complexes with small apolar molecules, 

thanks to strong hydrophobic interactions. Several techniques are described in the literature to 

study the inclusion of the hydrophobic tail of a surfactant into a cyclodextrin cavity, like NMR 

[Sehgal, 2006; Cabaleiro-Lago, 2005], calorimetry [Turco, 1992; De Lisi, 2003], neutron 

scattering [Alami, 2002], sound measurements [Junquera, 1993], capillary electrophoresis 

[Bendazzoli, 2010], surface tension [Bai, 2008] and conductivity [Sehgal, 2006; Mehta, 2008; 

Junquera, 1997]. Extremely high binding constants correlate with surfactant-cyclodextrin 

complexes, and the formation of the mentioned complexes competes with surfactant 

micellization. Moreover, the binding constant for the surfactant of the studied catanionic vesicles 

are the following: 

- cetyl-trimethyl ammonium bromide (CTAB) with -cyclodextrin: 5∙104 M-1 [Cabaleiro-

Lago, 2005]; 

- sodium dodecyl-sulphate (SDS) with -cyclodextrin: 500 M-1 [Junquera, 1993]. 

 

 
Fig. 3. Representing picture of the surfactant-cyclodextrin binding. 

 

Thus, the presence of cyclodextrin is able to shift the surfactant CMC to higher concentrations, 

and the latter is supposed to increase almost linearly with cyclodextrin addition. 

Bearing in mind that 2-hydroxypropyl -cyclodextrin has shown the ability to decompact DNA-

surfactant complex [Carlstedt, 2010], but also that -cyclodextrin with CTAB can easily co-

crystallize [Carlstedt, 2012], the effect of -cyclodextrin on catanionic vesicles has been 

investigated. Yan et al. recently proposed to exploit β-cyclodextrin, thanks to its ability to 

interact with surfactants, in order to modulate aggregates composition and related properties  

[Yan, 2011]. Then, multilamellar-to-unilamellar thermal transition [Andreozzi, 2010] of β-

cyclodextrin doped vesicles has been explored.  

The influence of molar ratio, sample preparation procedure (i.e. addition of -cyclodextrin 
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before or after vesicles are generated) and temperature have been studied, thanks to NMR, UV-

Vis spectra and DLS measurements.  

 

3.3 EXPERIMENTAL 

3.3.1 Sample preparation  

Sodium dodecyl-sulphate (SDS) has been obtained from BDH Chemicals Ltd. Pool. England 

(purity grade 99,0%), while cetyl-trimethyl ammonium bromide (CTAB) has been purchased 

from Sigma-Aldrich (puriss ≥96%). Aqueous solutions of CTAB and SDS have been prepared 

and subsequently mixed in order to obtain vesicular solutions. Different molar ratios (R) have 

been employed, at a constant CTOT= 6 mM (i.e. about 0.2% wt). 

 



-cyclodextrin (kind gift of Vectorpharma Spa) was used in a fixed concentration of 1mM. 

It has been decided to mention as ‘alternative’ the preparation procedure with -cyclodextrin 

addition to the pristine surfactant monomeric solutions. Conversely, in the ‘normal’ procedure -

cyclodextrin is added after vesicles are formed and stable. 

3.3.2 Multinuclear NMR experiments 

1H NMR measurements were carried out on a Jeol Eclipse 400 NMR spectrometer (9.4 T), 

equipped with a Jeol NM-EVTS3 variable temperature unit, operating at 400 MHz for 1H, with 

lock on CDCl3, in coaxial tube. 23Na NMR measurements [Woessner, 2001] were carried out on 

a Jeol Eclipse 400 NMR spectrometer (9.4 T), equipped with a Jeol NM-EVTS3 variable 

temperature unit, operating at 105.75 MHz, without field frequency lock. The 23Na-R2 

(transverse relaxation rate R2 =1/T2) were measured by Hahn Echo. For 2H NMR experiments, 

the spectrometer was operating at 61.37 MHz, while 14N spectra were recorded at 28.88 MHz (no 

field frequency lock as well). 

3.3.3 PGSTE measurements 

The 1H NMR measurements were carried out on a Varian 500 MHz NMR spectrometer (11.74 T) 

operating at 500 MHz for 1H, equipped with a model L650 Highland Technology pulsed field 

gradient (PFA) amplifier (10 A) and a standard 5 mm indirect detection, PFG probe. The lock 

was made on CDCl3 in coaxial tube, containing tetramethylsilane (TMS) as 1H chemical shift 

reference.  A oneshot sequence has been employed for diffusion measurements [Pelta, 2002; 



43 

 

Johnson, 1999], with 20 different z-gradient strengths, Gz , between 0.02 and 0.54 T/m, a pulsed 

gradient duration, δ, of 2 ms, and at different diffusion interval (). At each gradient strength, 64 

transients have been accumulated employing a spectral width of 11 ppm over 16k data points. 

Solvent suppression was accomplished by presaturation.  

The gradients were calibrated on the value of D= 1.90·10-9 m2s-1 for 1H in D2O (99.9%) at 

298.16K (25°C) [Antalek, 2002]. The values of the self-diffusion coefficient, D, were obtained 

by Tanner equation fitting to experimental data [Tanner, 1970]. 

          
where: 

- E and E0 are the signal intensities in the presence and absence of Gz, respectively, 

- D is the diffusion coefficient, 

-  is the nuclear gyromagnetic ratio 26.75 •107 rad s-1 T-1 for 1H nucleus, 

-  is the gradient pulse width,  

- G is the gradient amplitude,  

- (-/3) correspond to the diffusion time corrected for the effects of finite gradient pulse. 

PGSTE NMR spectra were processed using MestRenova and self-diffusion coefficients were 

determined by linear regression with Excel.  

3.3.4 UV-Vis  

Spectral and absorbance measurements were carried out by using Shimadzu UV/Vis 

spectrophotometer model UV-2450, equipped with a Peltier temperature control unit; 1.0cm 

thickness matched quartz cells were used for the entire experimental work. 

3.3.5 Polarized Light Microscopy 

A Leitz Pol-Orthoplan microscope, equipped with differential interference contrast (DIC) lenses, 

was used. The main goal was to check the presence of crystals or anisotropic liquid crystals, such 

as lamellar phases, under polarized light. Samples were observed at room temperature, both 

immediately after preparation and several days later. 

3.3.6 Dynamic Light Scattering (DLS) 

The mean particle diameter of the aggregates and polydispersion index were determined by 

dynamic light scattering (photon correlation spectroscopy, PCS) using an N5 Particle Analyzer 

(Beckman Coulter Inc., USA), equipped with a Peltier temperature control unit. Data were 
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collected at 90° scattering angle. The time-averaged autocorrelation functions were transformed 

into intensity-weighted distributions of the apparent hydrodynamic diameter using the available 

Beckman PCS software. The average values of size were calculated with the data obtained from 

three measurements ± SD. 

 

3.4 RESULTS AND DISCUSSION 

Considering that a minimum vesicles molar ratio of R=1.6 was found to be required in order to 

avoid precipitation/flocculates, the most studied molar ratio was R=1.85, as it ensures the 

appropriate stability. High molar ratio values (R=2.6-2.8) evidences the co-existence of micelles, 

which might disturb the vesicles observation. 

 

 
Fig. 4. -cyclodextrin doped vesicles sample range. 

 

First of all, 1H-NMR -cyclodextrin peaks assignment has been performed [Schneider, 1998].  
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Fig. 5. 1H-NMR -cyclodextrin peaks assignment. 

 

Comparison between samples containing vesicles with -cyclodextrins and the starting single 

surfactants with -cyclodextrins has been performed.  

Vesicle composition has been found different from the overall composition, as assessed through 

1H-NMR integrals. Indeed, detectable 1H-NMR signals are those of the free surfactant. 

-cyclodextrin is almost totally embedded within single molecules both in vesicular and SDS 

solution, but seems to be not entrapped into vesicles. Further DLS analyses demonstrated the 

presence of large aggregates (see fig. 13); for this reason it was not possible to detect vesicle 1H-

NMR signals, due to their big dimension related to single molecules, thus with a relaxation range 

extremely high. 
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H(1) -CD 1mM

R=1,85 vesicles+-CD

R=2,5 vesicles+-CD

H(1)

H(1)

*

*

 
 

Fig. 6. Comparison of 1H-NMR spectra, in water, all referred to TMS peak. 

 

PGSTE results revealed that, despite the addition of -cyclodextrin, solutions remain isotropic, 

as no shift changes were detected with diffusion coefficient. Moreover, considering that only one 

diffusion coefficient D was detected, no liquid crystals are present in any sample (as confirmed 

by polarized light microscopy). 

The present case concerns a dodecylsulphate excess, which is in exchange between vesicles and 

bulk solution, as proven by PGSTE NMR diffusion measurements, with a quite lower exchange 

rate than a micellar system. 

 

 

 

 



47 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0,00E+00 2,00E+09 4,00E+09 6,00E+09

A
tt

en
u

a
ti

o
n

 E
/E

0

q2(-/3)

SDS(0.879ppm)

SDS(1.666ppm)

bCD(3.632ppm)

bCD(3.866ppm)

SDS(4.041ppm)

 
 

Fig. 7. Plot of the echo decays (only detectable signals) at 303K (=60ms) for R=1.85 vesicles with -

cyclodextrin. 

 

By measuring the diffusion coefficients D, it is possible to assess that -cyclodextrin is not 

totally entrapped in the aqueous inner pool of vesicles, as otherwise -cyclodextrin D should be 

extremely low, compared with a simple -cyclodextrin water solution [Morris, 1993]. 

-cyclodextrin is not supposed to permeate and enter the vesicle bilayer: in that case it would not 

be possible to detect its signals, as previously found for CTAB. 

As per the table below, -cyclodextrin detectable signals correspond to a constant D coefficient: 

thus, -cyclodextrin is not influenced by the presence of vesicular aggregates.  
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Fig. 8. 2D Plot of a one-shot DOSY experiment at 303K (=60ms) for vesicles with -cyclodextrin. 

 

In compliance with Stokes-Einstein equation, for diffusion of spherical particles through liquids 

with low Reynolds number 

 
where, kB= Boltzmann constant, T=temperature, =viscosity, r=particle radius 

Therein, the diffusion coefficient for a RH=200nm particle at 303K (30ºC) should be 1.39·10-

12m2/s (=0.7975·10-3Pas for water). The above value perfectly agree with -cyclodextrin 

diffusion constants. 

Previous analysis demonstrated that monomeric dodecylsulphate in water possesses a coefficient 

D=6.2·10-10m2/s. Thus, dodecylsulphate exhibits a remarkable decrease in terms of diffusion, 

which might be related to a dynamic complexation with -cyclodextrin. 
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Table 2. Diffusion coefficients of -cyclodextrin doped vesicles. 

 

Sample SDS -cyclodextrin

SDS+-cyclodextrin
5.5·10-10m2/s 3.1·10-10m2/s

Vesicles +-cyclodextrin
R=1,85 alternative

4.2·10-10m2/s 3.1·10-10m2/s

Vesicles +-cyclodextrin
R=1,85

4.7·10-10m2/s 3.1·10-10m2/s

 
 

When prepared, vesicle solution appears milky; heating vesicular solution leads to a dramatic 

turbidity decrease, related to a multi-to-unilamellar transition together with an abrupt size 

decrease. This phenomenon is anticipated by sodium dissociation, as per 23Na-NMR transverse 

relaxation rates (R2), and it involves an uptake of free dodecylsulphate into aggregates, as 

revealed by 1H-NMR. 

In fact, 23Na transverse relaxation rates show that Na+ dissociation anticipates the thermal 

transition [Milcovich, 2012]. 

Addition of β-cyclodextrins leads to an increase of the critical transition temperature, Tc, and 

lower 23Na-R2 trends, according to a reduction of free dodecylsulphate in the bulk due to its 

complexation with β-cyclodextrin, which causes a dodecylsulphate loss from aggregates. 

23Na-R2 trends with β-cyclodextrin are lower than for normal vesicles.  

Moreover, vesicular aggregates do not allow β-cyclodextrin to permeate the bilayer, as per 

PGSTE NMR measurements. 
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Fig. 9. 23Na-R2 rates, for samples of vesicles R=1,85 with β-cyclodextrin (classic and alternative preparation), 

compared with simple vesicles. 

 

The critical temperature (Tc) depends on molar ratio R: lower Tc correspond to higher molar 

ratios, R. 

It has been supposed that 23Na-R2 trends are related to vesicular dimension and dodecylsulphate 

amount inside the aggregates.  

Linear trends have been detected before the transition.  

Lower R values show greater amount of free Na+, probably due to a complexation of 

dodecylsulphate with β-cyclodextrin, which seems not to participate to aggregates, as inferred by 

previous 1H-NMR integral analyses. 

23Na transverse relaxation rates evidence that the preparation procedure can influence very much 

Na+ dissociation, as evidenced in fig. 10. Thus, even though the thermal transition leads to a 

single final R2, adding β-cyclodextrin on monomeric starting solutions enhances the Na+ 

dissociation in the early stage. 
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Fig. 10. 23Na-R2 trends vs. molar ratio BEFORE thermal transition, with β-cyclodextrin (both preparation 

procedures) and without. 

 

The alternative preparation is supposed to remarkably influence the structural attitude of the 

system: 23Na-R2 values exhibited a linear dependence on R, with the same inclination, for simple 

vesicles and β-cyclodextrin doped vesicles (classic preparation).   
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Fig. 11. Effect of β-cyclodextrin addition on turbidity and 23Na-R2 trends vs. temperature. 

 

 

As previously found, the turbidity decrease is anticipated by a sodium dissociation; this attitude 

is evident in β-cyclodextrin doped samples as well.  

Notably, the addition of β-cyclodextrin is able to produce a sort of shift in terms of critical 
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transition temperature, Tc. Normal vesicles usually hold a Tc=320K (47°C), while for β-

cyclodextrin doped vesicles values around 322-323K (49-50°C) have been detected. 

Higher vesicular molar ratio R are also related to higher Tc. 
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Fig. 12. Effect of molar ratio R on β-cyclodextrin doped vesicles assessed via UV-Vis measurements. 
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Fig. 13. DLS and turbidity (=550nm) vs. temperature for vesicles and β-cyclodextrin doped vesicles (both 

preparations). 



53 

 

 

 

Before starting comment DLS results, it is important to remind that when a particle is relatively 

small and can undergo random thermal (Brownian) motion, time-dependent fluctuations occur 

and the distance between particles is therefore constantly changing.  

Constructive and destructive interference of light scattered by neighboring particles within the 

illuminated zone gives rise to the intensity fluctuation at the detector plane. 

When the particles are extremely small, compared with the light wavelength, the intensity of the 

scattered light is uniform in all directions (Rayleigh scattering); whereas for larger particles 

(diameter ≥ 250 nm), the intensity is angle-dependent (Mie scattering). 

The size, shape, and molecular interactions in the vesicular samples determined frequency shifts, 

polarization and intensity of the scattered light. Thus, matching DLS characteristics with the 

other results, lead to obtain information about the structure and molecular dynamics of the 

scattering sample. 

First of all, DLS results evidenced the presence of a sort of pre-transition, which anticipates the 

real thermal transition, exhibiting a totally different thermal behavior if compared to normal 

vesicles. In fact, it seems that -cyclodextrin doped aggregates are also susceptible to a further 

transition, leading, after the thermal ramp, to quite small aggregates, where the hydrodynamic 

radius is more compatible to mixed micelles, rather than vesicles. 

The preparation conditions remarkably influence both size and thermal attitude of the aggregates 

 

3.5 CONCLUSIONS 

These results confirm a vesicles stabilizing ability of β-cyclodextrin, evidencing that the addition 

of β-cyclodextrin after vesicle self-assembly is related to a high stability. 

Catanionic vesicles can resist to β-cyclodextrin addition, but the latter causes an increase on the 

critical transition temperature Tc. 

PGSTE experiments assess an increase of SDS in the bulk, mainly in a complexed form together 

with -CD, as per 23Na-R2 trends (decrease of sodium dissociation). 

It was not possible to detect vesicle 1H-NMR signals, due to their big dimension related to single 

molecules, thus with a relaxation range extremely high. For this reason, cetyl 

trimethylammonium bromide could not be detected, as it is involved into vesicular aggregates 

bilayer. 
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Such systems look quite promising for drug delivery because they can reach higher concentration 

than the original ones, without occurrence of multiple phases, thanks to a CMC increasing effect 

of β-cyclodextrin. 

In conclusion, experiments lead us to conclude that, despite their ‘soft’ nature, catanionic 

vesicles can successfully resist to the addition of saccharide-based molecules. Thus, the final step 

(see chapter 6-7) will involve the formation of hydrogels, containing vesicular nanoreservoirs 

and their stabilization. 
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CHAPTER 4 

A reference system: scleroglucan and guar gum hydrogels 

 
4.1 INTRODUCTION 

4.1.1 Scleroglucan 

Scleroglucan (SCLG), a water soluble polysaccharide produced by fungi of the genus 

Sclerotium, consists of a main chain of (1→3)-linked -D-glucopyranosyl units bearing, every 

third unit, a single -D-glucopyranosyl unit linked (1→6). It is known that SCLG assumes a 

triple-stranded helical conformation in aqueous solution and a single coiled disordered 

conformation in dimethylsulphoxide or at high pH values (NaOH >0.2 M) [Norisuye, 1980; 

Yanaki, 1980]. Due to its peculiar properties, scleroglucan was extensively used for various 

commercial applications (secondary oil recovery, ceramic glazes, food, paints, cosmetics, etc.) 

[De Baets, 2002] and it was also investigated for modified/sustained release formulations and 

ophthalmic preparations [Rizk, 1994]. 

When in contact with borate ions, polysaccharides can form gels [Deuel, 1948; Shibayama, 

1988] and scleroglucan is able to react with borax leading to a 3D network [Sandford, 1979; 

Brigand, 1993]. The obtained gel is quite peculiar as it appears to be formed both through 

physical and chemical linkages [Bocchinfuso, 2008]. 

          
 

 
Fig. 1. Scleroglucan repeating unit (left) and triple-stranded helix (right). 
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4.1.2 Guar Gum 

Guar gum (GG) is a neutral galactomannan, extracted from the seeds of Cyamopsis 

tetragonoloba. It consists of a linear backbone of (1→4)-linked D-mannopyranose units (Man) 

and with the presence of randomly attached (1→6)-linked galactopyranose units (Gal) as side 

chains [Whistler, 1993]. Due to the presence of these galactose units, the polymer is soluble in 

water [McCleary, 1985]. The ratio of mannose to galactose units (M/G) depends on climate 

variations and ranges from 1.5:1 to 1.8:1. Because of its low cost and its ability to produce a 

highly viscous solution even at low concentrations, GG finds important applications in food 

[Imeson, 1997], in oil recovery [Kucera, 1981] and in personal care industries [Gebelein, 1991].  

 

 

 

Fig. 2. Guar gum repeating units. 

 

Guar Gum may be used in food according to the FDA Code of Federal Regulations Title 21, 

Section 184.1339. 

The high viscosity of GG solutions arises from the high molecular weight of GG (up to 2 million 

and further) [Vijayendran, 1984] and from the presence of extensive intermolecular associations 

(entanglements) through hydrogen bonds. 

In aqueous solution GG assumes a flexible coil conformation as evidenced by the Mark-

Houwink-Sakurada exponent and by the relatively low value of its characteristic ratio and its 

persistence length [Picout, 2007]. GG, crosslinked with glutaraldehyde, was proposed for colon 

delivery [Gliko-Kabir, 1998], and it was also tested as a matrix for oral solid dosage forms 

[Coviello, 2007]. 

4.1.3 Hydrogels 

Hydrogels are peculiar polymeric 3D networks able to entrap large amounts of water or 

biological fluids. They can be composed by homopolymers or copolymers, and are insoluble due 
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to the presence of chemical crosslinks (junctions), or physical crosslinks, such as entanglements 

or crystallites (fig. 3). These entanglements provide for the network structure and physical 

integrity. 

 

 
 

Fig. 3. Schematic representation of a chemical (left) and physical (right) cross-linked hydrogels 

 

Hydrogels can be classified by reason of: 

- nature of the side groups (neutral or ionic); 

- method of preparation (homopolymer or copolymer networks); 

- physical structure of the networks (amorphous, semicrystalline, hydrogen-bonded 

structures, supramolecular structures and hydrocolloidal aggregates [Peppas, 2000]. 

A swelling behavior can characterize some kind of hydrogels, depending on the environment. 

Thus, physiologically-responsive hydrogels can be obtained, and polymer complexes can be 

broken or the network can be swollen thanks to environmental variations. These systems may 

exhibit dramatic changes in terms of swelling ratio. 

 

The most popular one implies the existence of pure chemical crosslinks between the polymeric 

chains and borax [Pezron, 1989], and it was proposed for the GG/borax interactions. According 

to the other model, the borax ions hold together the polymeric chains by means of mixed 

physical/chemical linkages. This model was firstly proposed for poly-(vinyl-alcohol) 

[Shibayama, 1988] and it was recently suggested also for SCLG [De Baets, 2002; Bocchinfuso, 

2008].  

GG and SCLG show important different characteristics:  

a) GG dissolves in water as a random coil while SCLG exhibits a triple helix conformation 

in aqueous solution with a persistence length of about 200 nm [Norisuye, 1980; Bluhm, 1982]; 

b) borax promotes a rapid gelation of GG [Sandolo, 2009] by means of crosslinks 

characterized by a lifetime of the order of seconds [Pezron,  1990], leading to self-healing 

properties of the network.  
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On the other side, SCLG requires several hours for gelation in the presence of borax and no self-

healing occurs. Nevertheless, both GG and SCLG, in the presence of borax, are capable to give 

self-sustaining gels [Bocchinfuso, 2010, 114, 13059-13068]. 

 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Guar Gum (GG) was provided by CarboMer (San Diego, USA). The ratio between mannose and 

galactose was estimated by means of 1H NMR (carried out at 343K (70 °C) with a Brucker 

AVANCE AQS 600 spectrometer, operating at 600.13 MHz) and an M/G value of 1.5 was 

found. The molecular weight (1.2·106) was estimated through viscometric measurements carried 

out at 298K (25°C).  

Scleroglucan (SCLG) was provided by Degussa (Germany). The molecular weight (1.1·106) was 

estimated by means of viscometric measurements carried out at 298K (25°C) in 0.01 M NaOH. 

For the viscosity measurements, an automatic viscometer (Instrument Schott AVS 370, Lauda, 

Germany) with a water bath (Lauda 0.15 T) allowing the temperature control to 0.1K (0.1°C) 

was used. An Ubbelohde capillary viscometer (Type No 531 01, with a capillary diameter = 0.54 

mm, Schott-Geräte) for dilution sequences was used. The GG solutions were prepared in distilled 

water while the SCLG solutions were prepared in 0.01 N NaOH (in order to break possible 

aggregates). Before measurements, the samples were filtered twice with 1.2  Millipore filters. 

From the flux time of solvent and solutions the intrinsic viscosity, [] (cm3/g), was estimated for 

each polymer. According to the Mark-Houwink-Sakurada equation, the intrinsic viscosity is 

related to the molar mass of the sample: [] = KMw
a, where K and a are constants for each 

polymer-solvent system at a given temperature. From the value of K and a found in the literature 

for the GG [Yanaki, 1980] and for the SCLG [Picout, 2007] samples, the molecular weight of the 

two polymers were evaluated. 

Theophylline (TPH, molecular weight 198, radius of van der Waals = 3.7 Å) and borax were 

Carlo Erba products (Italy), Vitamin B12 (Vit B12, molecular weight 13,500) was purchased from 

Fluka (Germany). All other products and reagents were of analytical grade. Distilled water was 

always used. 
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4.2.2 Polymer purification 

A given amount of polymer (GG and SCLG) was dissolved in distilled water (polymer 

concentration, cp = 0.5% w/v). GG samples were kept under magnetic and mechanical stirring at 

333K (60°C) for 24 h and then at room temperature for 24 additional hours [Kok, 1999]. SCLG 

samples were kept under magnetic and mechanical stirring for 24 h at room temperature. The 

resulting solutions were exhaustively dialysed at 7K (7°C) against distilled water with dialysis 

membranes of a cut-off 12,000 – 14,000 and then freeze dried. The lyophilized products were 

stored in a desiccator until use. 

4.2.3 Hydrogel preparations 

A given amount of GG or SCLG (200 mg for the release experiments and 35 mg for the 

rheological analysis and for NMR measurements; cp = 0.7% w/v) was dissolved in water for 24 

h. GG and SCLG crosslinking was carried out by addition of 0.1 M borax solution to the 

homogeneous polymer system in order to get a unitary value of the ratio between borax moles 

and moles of the repeating GG or SCLG units (r = 1). The resulting mixture was magnetically 

stirred for 5 min and then left for 2 days at 7K (7°C) for gel setting. For the release experiments, 

a known amount of model drug was first dissolved in water before the addition of the polymer. 

4.2.4 Rheological characterization 

The rheological characterization, carried out at 298K (25°C) and 310K (37 °C), was performed 

using a controlled stress rheometer, Haake Rheo-Stress RS300 model, with a Thermo Haake 

DC50 water bath. Two geometries were used: a cone–plate device (C60/1 Ti with a cone 

diameter of 60 mm and a cone angle of 1° and a MP60 steel 8/800 plate with a diameter of 60 

mm, Haake) for the GG and SCLG samples and a grained plate-plate device (Haake PP35/S: 

diameter = 35mm; gap between plates = 1mm) was employed for the SCLGb and GGb samples 

in order to prevent wall slippage phenomena [Lapasin, 1995]. To perform the measurements on 

SCLGb and GGb, the hydrogels, obtained with a thickness of 1.0–3.0 mm, were removed with 

the aid of a small spatula from the beaker where they had settled, and they were laid with care on 

the lower plate of the rheometer. The upper plate was then lowered until it reached the hydrogel 

surface. Gap-setting optimizations were undertaken according to a procedure described 

elsewhere [Kuijpers, 1999]. When GG or SCLG were tested, an appropriate amount of the 

samples was spread onto the plate geometry to obtain a sample of the appropriate height. To 

avoid gel shrinking due to a possible solvent evaporation, the equipment was kept inside a glass 
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bell with a constant moisture level. Rheological properties were studied through oscillatory tests. 

In particular, the hydrogel linear viscoelastic regions were assessed, at 1 Hz, by stress sweep 

experiments. Frequency sweep tests were carried out in the frequency (f) range 0.01–100 Hz at 

constant deformations  = 0.01 ( inside the linear viscoelastic range for all the studied hydrogels). 

Each test was carried out in duplicate. 

The generalized Maxwell model [Lapasin, 1995] was used for the theoretical dependence of the 

elastic (G’) and viscous (G’’) moduli on pulsation  = 2f (f = solicitation frequency): 
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where n is the number of Maxwell elements considered while Gi, i and i represent, 

respectively, the spring constant, the dashpot viscosity and the relaxation time of the ith Maxwell 

element. The simultaneous fitting of eq. (1) and (2) to experimental G’ and G’’ data was 

performed assuming that relaxation times (i) were scaled by a factor 10 [Grassi, 1996]. Hence, 

the parameters of the model are 1 + n (i.e. 1 plus Gi). Based on a statistical procedure [Draper, 

1966], n was selected in order to minimize the product 2(1+n), where 2 is the sum of the 

squared errors. G’ and G’’ data represent the average of three experiments. 

Flory’s theory [Flory, 1953] enables the determination of polymeric network crosslink density x 

(defined as the moles of junctions between different polymeric chains per hydrogel unit volume): 

RTGxρ            (3) 

where R is the universal gas constant, T is the temperature and G (shear modulus) can be 

computed as the sum of the elastic contributions (Gi) pertaining to each element of the 

generalized Maxwell model describing the hydrogel mechanical spectrum [Pasut, 2008]. Finally, 

the equivalent network theory [Schurz, 1991] allows evaluating the average network mesh size  

: 

3
Axπρ6ξ N           (4) 

where NA is the Avogadro number. 
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4.2.5 Low Field NMR characterization 

Low Field NMR (LFNMR) characterization was performed, at 298K (25°C) and 310K (37 °C), 

by means of a Bruker Minispec mq20 (0.47 T, 20 MHz). Transverse relaxation time (T2) 

measurements were carried out according to the Carr-Purcell-Meiboom-Gill (CPMG) sequence 

(number of scans = 4; delay = 5 s). In the case of distilled water, due to the high mobility of 

water molecules, the determination of the transverse relaxation time (T2H2O), at both 

temperatures, was determined considering three different 90° - 180° pulse separation times (): 

0.25 ms, 0.5 ms and 1 ms. For each , the time (t) decay of the signal intensity (I), related to the 

extinction of the x-y component of the magnetization vector (Mxy), was fitted by the exponential 

function   2H2O

H2O

Tt
eAtI


 . Thus, the water relaxation time was determined by a linear 

extrapolation to zero of the function T2H2O (F25 °C (1, 2, 0.95) < 642; F37 °C (1, 2, 0.95) < 197) 

as suggested by the Bruker company. Accordingly, we obtained C25

2H2O

T  = 3007 ± 20 ms and C73

2H2O

T  

= 3694 ± 60 ms. In the case of hydrogels, due to the reduced water molecules mobility, there was 

no need to use three different  values and the transverse relaxation time measurements were 

performed setting  = 0.5 ms. In order to determine the T2 discrete distribution, I(t) was fitted by 

the following sum of exponential functions: 
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where Ai are the pre-exponential factors (dimensionless) proportional to the number of protons 

relaxing with the relaxation time T2i and 21 T  is the average value of the inverse relaxation 

time of protons. Again, m was determined by minimizing the product 2·(2m), where 2 is the 

sum of the squared errors and 2m represents the number of fitting parameters of eq. (5) [Draper, 

1966]. The continuous relaxation time distribution was determined according to a procedure 

shown in a previous work [Turco, 2011]: 
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where T2max (= T2H2O) and T2min (= 0 ms) indicate, respectively, the lower and upper values of the 

continuous T2 distribution. Bi, i and i are the f(T2) (sum of Weibull equations) parameters. Eq. 

(7) simply ensures that the maximum of each Weibull distribution occurs exactly in T2i. Eq. (6) 

was numerically evaluated and fitted to experimental I(t) data subdividing the relaxation 

spectrum wideness (T2max - T2min) into 200 parts (higher subdivision was not necessary). 

In order to study water mobility inside the hydrogel network, Pulsed Gradient Spin Echo (PGSE) 

measurements were performed. The applied sequence consists in the classical echo sequence 

with two equal gradient pulses (of length  = 0.5 ms) occurring at x1 = 0.1 ms and x2 = 0.1 ms 

after the 90° and 180° pulses, respectively. The time separation, indicated by  (≈ -x1-+x2), is 

related to the diffusion time, td, according to td = (After an appropriate calibration 

procedure, based on the knowledge of the free water self-diffusion coefficient (DH2O), it is 

possible measuring the average water self-diffusion coefficient inside the hydrogel (D). The 

details of this calibration procedure can be found in the Bruker Manual, mq Gradient Unit Users 

Guide, version 1, January 2000, and it essentially replicates the standard procedures for the D 

determination used in high field NMR [Uh, 2004]. In the case of T2 measurements, data are the 

average of 27 experiments (9 repetitions for three different samples), while in the case of PGSE 

measurements, data are the average of 15 experiments (5 repetitions for three different samples). 

The combination of the information coming from the relaxation and PGSE experiments were 

used for the estimation of the mesh size distribution of our polymeric gels. Indeed, due to the 

interactions between water molecules and polymeric chains, water protons near the surface of the 

polymeric chains relax faster than those in the bulk [Chui, 1995; Brownstein, 1979]. On the basis 

of this evidence and the Scherer theory [Scherer, 1994], it can be demonstrated [Grassi, 2013] 

that, for diluted gel systems (polymer volume fraction  ≤ 0.1), the average polymeric network 

mesh size () can be expressed as: 

 
f

φ

φ1
π3ξ R


           (8) 

where Rf is the radius of the polymeric chain. In addition, the “Fiber-Cell” theory [Chui, 1995] 

ensures that the following relation holds:  
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where 21 T  is the inverse of the average relaxation time of the protons of the water molecules 

trapped within the polymeric network of the gel, T2H2O is the relaxation time of the protons of the 

bulk water (i.e. protons of the free water, whose relaxation is not affected by the presence of the 

polymeric chains) and M  (length/time) is an empirical parameter, called relaxivity, accounting 

for the effect of polymer chains surface on proton relaxations. While eq. (9) holds on average for 

all the polymeric network meshes, similar expressions can be written for polymeric network 

meshes of different dimensions (i): 

i2H2i α

211

2


M


OTT
          (10) 

where T2i is the relaxation time of the water molecules protons trapped in polymeric meshes of 

size i. Eq. (9) and (10) hold in fast-diffusion regime, i.e when the mobility of the water 

molecules, expressed by their self-diffusion coefficient D, is high compared to the rate of 

magnetization loss, identifiable with M Rc ( M Rc/D << 1). Rc indicates the distance from the 

polymer chain axis where the effect of polymeric chains on water protons relaxation becomes 

negligible. It can be expressed [Chui, 1995] by: 



f
c

R
R             (11) 

As 21 T  (see eq. (5)), T2H2O and  (see eq. (8)) are known, eq. (9) allows the determination of 

M . Furthermore, by knowing M  and T2i (see eq. (5)), eq. (10), i can be evaluated for each 

class of polymeric network meshes. In addition, when M  and the continuous T2 distribution 

f(T2) (see eq. (6)) are known, it is possible determining the continuous  distribution f(). Indeed, 

the combination of eq. (8) and (10) allows to find the relation between d and dT2: 
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Consequently, f() is given by: 
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Furthermore, for a precise comparison among different gels, it is convenient defining the 

probability P()  to find a mesh of size  inside the polymeric network, obtained by the following 

expression: 
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P           (14) 

 

4.2.6 Release experiments 

The hydrogels, freshly prepared in a beaker (swollen form), assumed the cylindrical shape of the 

vessel (height = 1.0 cm, diameter = 2.2 cm) and they were tested for the release of the two model 

drugs TPH and Vit B12, at 310K (37 °C). The gels were immersed in 200 ml (Vr) of distilled 

water (pH = 5.4), and they were kept at a certain height from the bottom of the container by a 

thin web, as per figure 4. The medium was gently magnetically stirred and 3ml samples were 

withdrawn from the solution at appropriate time intervals and replaced with the same amount of 

fresh solvent (thus, experimental concentration data were corrected for dilution). The amount of 

the released model drug was detected (TPH at 272 nm, Vit. B12 at 361 nm), by means of a 

Perkin-Elmer (lambda 3a, UV–Vis) spectrometer using quartz cells with path-lengths of 1.0 or 

0.1 cm. All experiments were carried out in triplicate. The possible erosion of the gel, in terms of 

polymer dissolution in the medium during the release experiments, was quantitatively 

determined by a colorimetric method [Dubois, 1956] using phenol in the presence of sulphuric 

acid. Obtained results indicate that such erosion, in the first 8 h, is almost negligible (≤ 4%). 

 

Fig. 4. Schematic representation of the diffusion of a solute through a hydrogel. 
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In order to evaluate model drug diffusion coefficients inside the gel network, release data were 

fitted by a mathematical model presented elsewhere [Grassi, 2009]. The mentioned model relays 

on Fick’s law and on the observation that in the first 8 hours our gel did not undergo significant 

erosion or further swelling in the release environment. Due to gel symmetry, the intrinsically 

three dimensional diffusive problem could be reduced to a simpler two dimensional one:  
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where Dd is the drug diffusion coefficient in the gel, t is time, C is the drug concentration 

(mass/volume) in the cylinder, Ra and Z are the radial and axial axes, respectively. This equation 

must satisfy the following initial and boundary conditions: 

Initial conditions: 

C(Z, Ra) = C0   - Zc  Z  Zc 0  Ra  Rc     (16) 

Cr = 0            (17) 

Boundary conditions: 

C(Z, Rc, t) = C(±Zc, Ra, t) = kp Cr(t)        (18) 

ZRRtRZCCZRtCV
c cZ R

dd2),,(2)( aa

0 0

a0c

2

crr          (19) 

where 2Zc and Rc are, respectively, cylinder height and radius (see figure 4), C0 is the initial and 

uniform drug concentration in the cylinder, Cr and Vr are the drug concentration and the volume 

of the release medium while kp is the drug partition coefficient between the cylindrical gel and 

the environmental release fluid.  

Eq. (19) is a drug mass balance for the gel/release fluid system allowing to state the relation 

between Cr and C(Z, Ra, t).  

An interfacial diffusion coefficient (Ddi), lower than the bulk one (Dd), is introduced, in order to 

consider a diffusion resistance applied by the thin web surrounding the cylindrical gel (it slightly 

reduces release surface and favours the formation of a thick aqueous boundary layer at the 

gel/release environment interface). 

As kp was set equal to 1, the proposed model is characterized by two fitting (unknowns) 
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parameters (Dd and Ddi). Model numerical solution was performed according to the control 

volume method [Patankar, 1990] subdividing the cylindrical gel into 100 control volumes in the 

radial and axial directions (for a total of 104 control volumes) and considering an integration time 

step equal to 22.5 s. 

Once Dd is known from eq. (15) fitting to experimental release data, the Peppas equation allows 

to estimate the polymeric network average mesh size  [Peppas, 2000]: 
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where rs and Dd0 indicate, respectively, the radius of the diffusing drug and its diffusion 

coefficient in the pure solvent filling the polymeric network. 

 

4.4 RESULTS AND DISCUSSION 

Stress sweep tests, carried out at 298K (25°C) and 310K (37°C), indicated that for all studied 

systems (GG, GGb, SCLG and SCLGb), the critical deformation c is always higher than the 

constant one ( = 0.01) applied in frequency sweep tests.  

As per figure 5a, it can be noticed that, at 298K (25°C), SCLG exhibits a gel behavior as the 

elastic modulus (G’) is always bigger than the viscous one (G’’) and both are, almost, pulsation 

() independent.  

Conversely, GG shows the typical solution behavior as G’’ prevails on G’ and both moduli 

depend on .  
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Fig. 5. a) Mechanical spectra (G’ elastic modulus, G’’ viscous modulus) referring to the Guar gum (GG) and 

Scleroglucan (SCLG) systems at 298K (25°C). Solid lines indicate the best fitting of the generalized Maxwell 

Model (eqs.(1), (2)) (F test always positive: FGG(5,32,0.95) < 150, FSCLG(4,25,0.95) < 374); b) mechanical 

spectra (G’ elastic modulus, G’’ viscous modulus) referring to the Guar gum/borax (GGb) and 

Scleroglucan/borax (SCLGb) systems at 298K (25°C). Solid lines indicate the best fitting of the generalized 

Maxwell Model (eq. (1), (2)) (F test always positive: FGGb(4,32,0.95) < 103.5, FSCLGb(5,24,0.95) < 251). 
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Five and four Maxwell elements are, respectively, necessary for a statistically good description 

(see F test values in figure 5a caption) of the GG and SCLG mechanical spectra (see fitting 

parameters values in Table 1).  

Tab.1. Generalized Maxwell model (Eq. (1), (2)) parameters (± standard deviation) deriving from the fitting 

of data. 1 is the first relaxation time, Gi represents the spring constant of the ith Maxwell element, G is the 

shear modulus (sum of all Gi), x is the crosslink density calculated according to eq. (3), while  is the average 

network mesh size calculated according to eq. (4). 

 

298K 

(25°C) 
GG SCLG GGb SCLGb 

1 (s) (7.7 ± 3)∙10-3 (81.7 ± 11)∙10-3 (15.7 ± 4)∙10-3 (30.0 ± 5)∙10-3 

G1 (Pa) 20.3 ±4.4 7.0 ± 0.4 21.8 ± 6.1 9.7 ± 0.84 

G2 (Pa) 2.3 ± 1.1 6.2 ± 0.36 0 7.4 ± 0.5 

G3 (Pa) 0.12 ± 0.07 5.0 ± 0.37 36.5 ± 8.4 6.4 ± 0.5 

G4 (Pa) 0.014 ± 0.007 7.4 ± 0.53 61.6 ± 9.8 6.1 ± 0.76 

G5 (Pa) 0.012 ± 0.004 - 42.0 ± 13 4.0 ± 0.9 

G (Pa) 22.9 ± 4.5 25.6 ± 0.8 162 ± 19 33.6 ± 1.6 

x (mol/cm3) - (1.0 ± 0.03)∙10-8 (6.5 ± 0.79)∙10-8 (1.4 ± 0.06)∙10-8 

(nm) - 67.4 ± 0.8 36.5 ± 1.4 61.6 ± 1.0 

 

310K 

(37 °C) 

GG SCLG GGb SCLGb 

1 (s) (11.6 ± 2)∙10-3 (62.5 ± 6.6)∙10-3 (22.7 ± 6.4)∙10-3 (18.9 ± 2)∙10-3 

G1 (Pa) 7.6 ± 1.1 5.4 ± 0.23 7.9 ± 2.5 8.3 ± 0.32 

G2 (Pa) 0.40 ± 0.22 4.1 ± 0.16 10.0 ± 3.8 5.5 ± 0.27 

G3 (Pa) 0.049 ± 0.045 2.9 ± 0.15 36.1 ± 3.8 4.0 ± 0.2 

G4 (Pa) 0.04 ± 0.038 0 9.8 ± 2.9 3.5 ± 0.24 

G5 (Pa) 0.069 ± 0.043 1.8 ± 0.5 1.6 ± 0.6 1.5 ± 0.3 

G (Pa) 8.2 ± 1.1 14.2 ± 0.75 65.5 ± 6.6 22.9 ± 0.6 

x (mol/cm3) - (5.5 ± 0.3)∙10-9 (2.5 ± 0.25)∙10-8 (8.9 ± 0.2)∙10-9 

(nm) - 83.2 ± 1.5 49.9 ± 1.7 71.0 ± 0.6 

 

 

The different effect of borax addition to the GG and SCLG systems is evidenced in figure 5b: 

while borax presence does not influence SCLG sample characteristics (only a very small increase 

in both moduli can be recorded), for the GG system a relevant change occurs in the mechanical 

properties. Now, G’ prevails over G’’ in the whole experimental frequency window and the 

crossing point is around  = 0.01 rad/s. The dependence of G’ and G’’ proves a weak nature of 

the formed hydrogel. The generalized Maxwell model provides a statistically good fitting too 

(see F test values in Figure 5b caption) requiring four and five elements to describe the GGb and 

SCLGb systems, respectively. 
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Temperature increase to 310K (37°C) does not modify the gel and the solution nature of the 

SCLG and GG systems. Nevertheless G’ and G’’, for both systems, are reduced (see Figure 6a). 

Borax addition (Figure 6b) is related to a moderate increase of the SCLGb moduli and a 

considerable change in the GG characteristics.  
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Fig 6. a) mechanical spectra (G’ elastic modulus, G’’ viscous modulus) referring to the Guar gum (GG) and 

Scleroglucan (SCLG) systems at 310K (37°C). Solid lines indicate the best fitting of the generalized Maxwell 

Model (eqs.(1), (2)) (F test always positive: FGG(5,10,0.95) < 38.1, FSCLG(5,22,0.95) < 504.5). b) mechanical 

spectra (G’ elastic modulus, G’’ viscous modulus) referring to the Guar gum/borax (GGb) and 

Scleroglucan/borax (SCLGb) systems at 310K (37°C). Solid lines indicate the best fitting of the generalized 

Maxwell Model (eq. (1), (2)) (F test always positive: FGGb(5,24,0.95) < 55.4, FSCLGb(5,32,0.95) < 2076). 

 

As well as G’ and G’’ are clearly increased (about one order of magnitude), a sol-to-gel shift of 

the system behavior takes place, leading to an incipient weak gel (GGb). 

G’ and G’’ crossing is detectable at  ≈ 0.2 rad/s. Generalized Maxwell model gives a 

statistically good fitting of data shown in Figure 6a and 6b (see F test values in the captions to 

this figures) assuming four or five Maxwell elements (see Table 1).  

Thus, rheological characterization evidences a remarkable effect of borax addition to the GG 

system and the weak effect on the SCLG system at both temperatures. While SCLG always 

exhibits gel properties, GG system becomes a weak gel (or incipient weak gel) only in the 

presence of borax. 

On the basis of the crosslink density (x) evaluation (see eq. (3)), equivalent network theory (see 

eq. (4)) allows to estimate, for the gel systems, the average network mesh size . Table 1 shows 

that  spans from 36.5 nm (GGb, 298K-25°C) to 83.2 nm (SCLG, 310K-37°C). The high  

values evidence the low connectivity of all tested gels. 
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LF NMR analysis, both at 298K (25°C) and 310K (37°C), indicates that, GG is characterized by 

only one relaxation time (T21) (see Table 2), as expected for aqueous solutions. Viceversa, the 

relaxation of the protons belonging to the polymeric chains are not detectable, due to their very 

low amount (around 0.5%) in comparison with those of water.  

 

Tab.2. Relaxation times, T22 and T21 ± standard deviation, and % weight, A1% and A2% ± standard deviation, 

referring to GG, SCLG, GGb, SCLGb and distilled water, at 298K (25°C) and 310K (37°C).  

 21ii *100% AAAA   

T  T21 (ms) A1% T22 (ms) A2% 

298K 

(25°C) 

GG 2032 ± 92 100   

GGb 1527 ± 46 100   

SCLG 1359 ± 23 100   

SCLGb 343 ± 84 84.5 ± 23.5 173 ± 77 15.5 ± 7.8 

 water 3007 ± 20 100   

      

310K 

(37°C) 

GG 2466 ± 80 100   

GGb 1912 ± 94 100   

SCLG 1321 ± 46 100   

SCLGb 451 ± 74 100 - - 

 water 3694 ± 60 100   

 

 

Thus, LF NMR and rheology analysis lead to conclude that the GG system is an aqueous 

polymer solution at both temperatures. 

The addition of borax to the GG system induces a significant reduction of T21 at both 

temperatures. The T21 reduction is compatible with the formation of a new, more compact, 

architecture of the polymeric chains (gel network) related to the addition of borax. It is 

interesting to point out that, in the case of a dextran system (cp = 0.7% w/v)), the addition of 

borax (r = borax moles/dextran moles = 1; data not shown) does not modify T21. 

The mentioned info indicates that, in this case, the presence of borax is not related to the 

formation of a polymeric network. It is also interesting to notice that the relative increase of T21 

with temperature is similar for both, GGb (25%) and GG (21%) systems (see Table 2). This 

result shows that the interactions among polymeric chains and water molecules are not so strong, 

as expected for a weak gel. 

Although the SCLG system shows, as GG, only one relaxation time at 298K (25°C) and 310K 

(37°C), it cannot be considered a solution, because T21 is, essentially, temperature independent 
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and this behavior should not occur in a polymeric solution at such low concentration (cp = 0.7% 

v/w). Moreover, the relatively small T21 value (recorded at both temperatures) compared to that 

of water, T2H2O, is not compatible with such a low cp.  

Finally, Table 2 shows that the addition of borax to the SCLG system generates a drastic 

reduction of the average relaxation time 2T  at 298K (25°C) (317 ms) and 310K (37°C) (451 

ms).  

Basically, the 2T  independence vs. temperature and its high reduction in comparison with 

water, (T2H2O), indicates the gel nature of the SCLGb system.  

For the above mentioned system, two relaxation times were detected at 298K (25°C) and only 

one at 310K (37°C). This is related to the formation, at 310K (37°C), of a more homogeneous 

polymeric network due to a higher mobility of borax ions in the initial polymer solution. 

Interestingly, while both relaxation analysis and rheology lead to the same final conclusions, 

some differences arose in the estimation of . Indeed, knowing that  = 4.35∙10-3 and Rf ≈ 2.15 

nm for both GG and SCLG systems [Palleschi, 2005], the application of eq. (8) leads to  = 99.8 

nm.  

The comparison between the values reported in Table 1 and Table 3 shows that the  values from 

rheological approach are about 40% for GGb and about 75% for SCLG and SCLGb of those 

obtained by LF NMR theory.  

Tab.3. Average relaxation time 2T  ± standard deviation, water self-diffusion coefficient D ± standard 

deviation, average effect of surface on protons relaxation M  ± standard deviation, Rc = 32.6 nm (see eq. 

(11)) and mesh diameter , referring to SCLG, GGb and SCLGb systems at 298K (25°C) and 310K (37°C). 

Proton relaxation times (T2H2O) at 298K (25°C) is 3007 ± 20 ms while at 310K (37°C) it is 3694 ± 60 ms. 

 

T  
T2a 

(ms) 


(nm) 

D*109 

(m2/s) 

M *103 

(nm/ms) D

RcM
*106 

298K 

(25°C) 

GGb 1527 ± 46 99.8 2.2 ± 0.1 62 ± 6 1.2 

SCLG 1359 ± 23 99.8 2.2 ± 0.1 99 ± 3 1.5 

SCLGb 317 ± 23 
109 ± 16 (84.5%) 

31 ± 9 (15.5%) 

2.3 ± 0.1 

 
693 ± 263 10.0 

 

310K 

(37°C) 

GGb 1912 ± 94 99.8 2.9 ± 0.2 79 ± 5 0.7 

SCLG 1321 ± 46 99.8 2.8 ± 0.2 119 ± 6 1.4 

SCLGb 451 ± 74 99.8 2.9 ± 0.2 477 ± 89 5.4 

 

 



72 

 

In order to estimate the continuous mesh size distribution of GGb, SCLG and SCLGb systems, 

eq. (9) was used for the determination of parameter M , whose values are reported in Table 3.  

It can be observed that M  values, regardless of temperature, increase as per the following 

order: GGb < SCLG < SCLGb. This indicates a stronger effect of polymer chain surfaces on the 

relaxation of protons. The diffusion coefficient, D, was almost constant with the diffusion time td 

for all studied systems (see, fig. 7), and therefore the check on the fast diffusion conditions 

(evaluation of the dimensionless parameter 
D

RcM
) was carried out considering the D value 

averaged on the measurements performed at all td. 
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Fig. 7. Experimental dependence of the water self-diffusion coefficient (D) on the square root of the diffusion 

time td for the Guar gum/borax gel (GGb) at 298K (25°C) and 310K (37°C). For td = 0, water self-diffusion 

coefficient at 298K (25°C) and 310K (37°C) is, respectively, 2.3•10-9 m2/s and 3.04•10-9 m2/s [41]. Vertical bars 

indicate standard error. 

Table 3 clearly shows that in all gel systems, 
D

RcM
 was quite lower than the unity, i.e. fast 

diffusion conditions always apply.  

Accordingly, eq. (10) and (13) can be used for the estimation of f(T2), f() and, finally of P() 

(Figure 8). 
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Fig. 8. Mesh size distribution, P(), of GGb (Guar gum/borax), SCLG (Scleroglucan) and SCLGb 

(Scleroglucan/borax) hydrogels at 310K (37°C). 

 

Figure 8 shows that, for GGb, the mesh size distribution stretches, approximately, from 10 nm to 

300 nm, while it is slightly less wide for SCLG and SCLGb.  

As the  values estimated by means of rheology experiments can be included in the above 

mentioned distribution range and the distribution peak orders can be compared, the two 

approaches do not lead to quite different results (see Table 1). 

Another approach to acquire some insight about polymeric network characteristics is the 

determination of model molecule diffusion coefficients. For this purpose, two model drugs, TPH 

and Vit B12, were considered.  
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Fig. 9. Theophylline (TPH; filled squares) and Vit B12 release (open squares) from GGb hydrogel at 310K 

(37°C) (vertical bars indicate standard error). Ct and Cinf are, respectively, drug concentration at time t and 

after an infinite time. Solid lines indicate model best fitting (eq. (15)). 

 

These two release kinetics wee fitted by means of eq. (15), knowing that the release volume Vr = 

200 cm3 and the initial drug concentration C0 in the gel is equal to 5.2 mg/cm3 for the two drugs.  

The fitting is statistically good in both cases, as per the F test (F TPH (1, 10, 0.95) < 75; FVit B12 (1, 

10, 0.95) < 30627).  

In the case of TPH, model fitting yields to Dd = Ddi = (2.7 ± 0.5)∙10
-10 m2/s while, for Vit B12, Dd 

= (2.3 ± 0.1) 10-10 m2/s and Ddi = (3.0 ± 0.1) 10-11 m2/s were found.  

These results indicate that the resistance due to the thin web, suspending the gel in the release 

environment, is negligible for TPH while it plays a significant role in the case of Vit B12. This 

can be related to the different model drug dimensions (TPH van der Waals radius r = 3.7 Å; Vit 

B12 van der Waals radius r = 8.5 Å). 

Bearing in mind TPH diffusion coefficients in water at 310K (37°C) (Dd0 = 8.2·10-10 m2/s) and 

Vit B12 (Dd0 = 3.8·10-10 m2/s), eq. (20) allowed estimating the polymeric network mesh size (). 
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Considering that the polymer volume fraction () in GGb hydrogel is equal to 4.35·10-3, it turns 

out that  = (1.1 ± 0.1) and (4.3 ± 0.06) nm in the case of TPH and Vit B12, respectively. These 

values are quite smaller than those estimated by means of rheology and LF NMR (49.9 nm, see 

table 1, and 99.8 nm, see table 3).  

Due to the low polymer concentration and crosslinking density of GGb hydrogel, the  values 

estimated according to eq. (20) seem too small. This can be due to the fact that GGb system, at 

310K (37°C), represents an incipient hydrogel condition. Therein, drug diffusion is not affected 

only by the presence of the structured polymeric network, but also by the chains that, although 

bound to the network to one end, can freely fluctuate among meshes.  

These chains are elastically inactive but can hinder drug diffusion through a viscous drag, 

favored by weak van der Walls interactions with drug molecules. Tomic and co-workers [Tomic,  

2008] found that also very weak van der Waals interactions can hinder drug molecule motions in 

presence of a polymeric network with mesh size quite larger than the drug molecular size. 

Furthermore, the rheological analysis suggests that the number of elastically inactive chains is 

high, as evidenced by the importance of the viscous contribution to the GGb mechanical 

behavior (see Figure 6b).  

Conversely, in the case of an effective hydrogel, such as SCLGb (where the viscous contribution 

is low), the estimation of according to the rheological approach and eq. (20) successfully 

matches. 
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4.5 CONCLUSIONS 

The rheological and LF NMR analyses allow to conclude that, regardless of temperature, the GG 

system (cp = 0.7%) behaves as a polymeric solution while SCLG (cp = 0.7%) is a gel.  

The addition of borax to GG (cp = 0.7%) remarkably modifies the system behavior leading to the 

formation of a weak hydrogel: the latter can be considered as an incipient weak gel, at 310K 

(37°C). 

The polymeric network mesh size evaluation by rheology resulted to be slightly smaller than that 

derived from the LF NMR approach, with a mesh size distribution spanning from 10 nm to 300 

nm). On the other side, the addition of borax to SCLG mainly appears at the nanoscale level.  

In fact, while gel strength is slightly increased, borax leads to a considerable reduction of the 

proton average relaxation times. The high values of the average polymeric network mesh size of 

all the studied gels (GGb, SCLG, SCLGb) indicate their low connectivity 

The fast diffusion condition was verified in all tested gels (GGb, SCLG and SCLGb). 

In the case of GGb hydrogel, rheology and LF NMR led to an estimation of the average mesh 

size that does not agree with that calculated from the model drug diffusion coefficient inside the 

gel.  

As the rheology – LF NMR estimation seems to be the correct ones, the failure of the diffusion 

coefficient approach should rely on the nature of the GGb polymeric network.  

Actually, in a hydrogel where the viscous component is high, model drug movement is not only 

reduced by the presence of the polymeric network (elastically active chains) but also by elastic 

inactive chains that, although bound to the network, can freely fluctuate and can exert a viscous 

drag, favored by weak van der Waals interactions, on the moving model drug molecules.  

This hypothesis is supported by the fact that, in the case of SCLGb, where the viscous 

component is not so important, rheology approach and the diffusion coefficient approach lead to 

a similar estimation of the average mesh size. 
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CHAPTER 5 

Surfactant-polymer interaction for endoluminal gel paved stents 

 
5.1 INTRODUCTION 

5.1.1 Pluronic™ PF127 

Pluronics™ are polyoxyethylene-polyoxypropylene triblock copolymer with the following 

backbone structure (PEO)n(PPO)m(PEO)n, as per fig. 1. 

 

m

+
n m n

(2n)

poly (propylene oxide) (PPO) ethylene oxide (EO) pluronic™

 

Fig. 1. Representative structure of a pluronic™ block copolymer. 

 

Pluronics™ are synthesized starting from the sequential addition of propylene oxide units (first), 

and ethylene oxide (secondly) to a molecule with a low molecular weight. These alkylation 

stages are conducted in presence of alkaline catalysts, like sodium or potassium hydroxide. The 

catalysts are subsequently neutralized and removed from the final product [Alexandridis, 1995]. 

 

+ (m-1)
m

propylene glycol propylene oxide (PO) poly (propylene oxide) (PPO)
 

m

+
n m n

(2n)

poly (propylene oxide) (PPO) ethylene oxide (EO) pluronic™
 

 

Fig. 2. Pluronic™ synthesis scheme. 
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The PEO and PPO block arrangement lead to an amphiphilic copolymer, where the number of 

hydrophilic (PEO) and hydrophobic (PPO) units can be modified to vary the size, hydrophilicity, 

hydrophobicity of the final product.  

At low temperatures/low concentrations, Pluronic™ copolymers are present in aqueous solution 

as single molecules, so called monomers.  

Furthermore, thanks to its amphiphilic nature, Pluronic™ is also considered a surfactant, as it has 

been found that monomers are able to self-assembly into micelles, in aqueous solutions.  

The formation of these micellar aggregates depends on the type of solvent, the size of the blocks, 

the concentration and temperature.  

Due to both temperature and concentration increase, the formations of thermodynamically stable 

micelles occur. 

Therefore, Pluronics™ can be considered both thermotropic and liotropic (respectively 

temperature and concentration dependent) structures forming species [Lau, 2004]. 

Indeed, the primer of micellization processes occurs at specific values of temperature and/or 

concentration, called critical micellization temperature (CMT) and critical micellization 

concentration ( CMC) respectively. The transition occurs at a precise concentration range (over 

an order of size) or temperature (above 283K - 10°C) [Prud’homme, 1996]. 

 

 
 

Fig. 3. 3D view of PF127 micelles in a cubic packed structure. 

 

 

The interaction between hydrophobic PPO blocks from different monomers is mainly 

responsible for polymer aggregations in water. The association process results in the micelles 

formations with a central hydrophobic core surrounded by the external hydrophilic PEO.  
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This phenomenon is temperature dependent: 

-  at low temperatures, the hydrophobic behavior of the PPO cannot prevent the hydration 

by the water molecules and the central block is maintained in solution with the two hydrophilic 

PEO side blocks;  

- at higher temperatures, the mentioned structure is unstable and the PPO blocks can 

aggregates while PEO remains in solution this resulting in the micellation process.  

 

For a fixed Pluronic™ chemical structure, once set the temperature, micellation occurs at the 

correspondent CMC while, once set polymer concentration, the micellation occurs at the 

correspondent CMT. The associative processes are also influenced by polymer structure.  

For what concerns thermodynamics, the micellation process is driven by the entropic contribute 

and the micellation free energy is strongly dependent on the PPO blocks characteristics. 

Comparison of polymers constituted by the same molecular weight PEO blocks but different 

PPO blocks, showed a decrease of the CMC with the increase of the PPO length. This means that 

systems with wide hydrophobic domain are able to form micelles at low concentration. In 

analogue manner, CMT was reduced when PPO length is increased (micellation occurs at lower 

temperature). The inverse response was obtained changing the hydrophilic component 

composition (PEO), with constant PPO block. CMC and CMT increase with the increasing of the 

PEO length and the micellation exacts the polymer hydrophilic properties.  

Moreover, using a constant PPO/PEO ratio, CMT and CMC decrease with an increase of the 

total polymer molecular weight [Yu, 1992].  
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Table 1. Schematic resume of the main Pluronics™characteristics. 

 

Copolymer Mw PEO wt% 
Melting pour 

point 
Viscosity [cps] 

Surface tension 

at 0.1%, 298K 

[dyn cm-1] 

HLB 

L35 1900 50 7 375 49 18-23 

F38 4700 80 48 260 52 >24 

L42 1630 20 -26 280 46 7-12 

L43 1850 30 -1 310 47 7-12 

L44 2200 40 16 440 45 12-18 

L62 2500 20 -4 450 43 1-7 

L63 2650 30 10 490 46 7-12 

L64 2900 40 16 850 43 12-18 

P65 3400 50 27 180 46 12-18 

F68 8400 80 52 1000 39 >24 

L72 2750 20 -7 510 39 1-7 

P75 4150 50 27 250 43 12-18 

F77 6600 70 48 480 47 >24 

P84 4200 40 34 280 42 12-18 

P85 4600 50 34 310 42 12-18 

F87 7700 70 49 700 44 >24 

F88 11400 80 54 2300 48 >24 

F98 13000 80 58 2700 43 >24 

P103 4950 30 30 285 34 7-12 

P104 5900 40 32 390 33 12-18 

P105 6500 50 35 750 39 12-18 

F108 14600 80 57 2800 41 >24 

L122 5000 20 20 1750 33 1-7 

P123 5750 30 31 350 34 7-12 

F127 12600 70 56 3100 41 18-23 

 

 

5.1.2 Alginate 

Alginates are linear polymers extracted from brown algae living in the northern seas. They are 

constituted by -D-mannuronic (M) and -L-guluronic (G) acid linked ¼ [Draget, 1996]. 

-D-mannuronic acid (M) -L-guluronic acid (G)
 

 
Fig. 4. -D-mannuronic (M) and -L-guluronic (G) acid formulas. 
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In the presence of an aqueous solution containing divalent cations, they form physical hydrogels 

characterized by: 

- temperature resistance;  

- strength; 

- erosion resistance [Liu, 2003]. 

The relative amount of the two uronic acid monomers as well as their arrangement along the 

polymer chain sequence can be widely different, depending on the alginate origin. The uronic 

acid residues are distributed along the polymer chain in a pattern of blocks, as presented in fig. 5. 

 

…GGGGGGMGMGMGMGMGMMMMMMMGMGMGMGM…

G-block MG-block M-block MG-block

 

 

Fig. 5. Block composition in alginates. 

 

In M-blocks, diequatorial linkages connect the mannuronate residues generating a flat ribbon-

like structure. Conversely, in G-blocks, the linkage between two guluronate units is diaxial and 

shorter. G-blocks are therefore less flexible, with junctions between the residues stabilized by 

intra-molecular hydrogen bonding. MG-blocks contain both equatorial-axial and axial-equatorial 

linkages. 

They are also characterized by a greater overall flexibility than the (1→4) linked β-D-

mannuronate chains, thanks to the degrees of freedom of the two residues.  

Hence, the chain block rigidity has been found to increase in the order MG < MM < GG 

[Smidsrød, 1973; Stokke, 1993; Dentini, 2005]. 
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M-block

MG-block

G-block

 
 

 
Fig. 6. Ring conformation in the alginate chain 

 

 

The main feature of the alginate concerns the formation of an ionotropic gel in the presence of 

multivalent cations like Ca2+, Ba2+, Mg2+ and Sr2+. The binding of ions is highly selective and the 

affinity strongly depends on the alginate composition [Smidsrød, 1974]. The affinity of alginates 

for alkaline earth metals has been reported to increase in the order Mg2+ << Ca2+ < Sr2+ < Ba2+ 

[Haug, 1970]. Moreover, it has been assessed that the alkaline earth metals selectivity increases 

together with G content, but that MM and MG blocks were almost selectiveless [Haug, 1968]. 

The gelation mechanism has been explained through the ‘eggbox model’ [Braccini, 2001]: as per 

fig. 7, the diaxially linked G residues form cavities which act as binding sites for divalent 

cations, like eggs in an eggbox. Further junctions, due to the G-blocks interactions, cooperate to 

generate the final gel network [Stokke, 2000]. 
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Fig. 7. Ring conformation in the alginate chain 

 

 
5.1.3 In-stent gel paving 

Coronary stenosis, a common atherosclerosis consequence, has been treated in the past by 

percutaneous transluminal coronary angioplasty (PTCA), a procedure able to enlarge the stenotic 

portion of the coronary thanks to an expanding balloon.  

Nevertheless, the high incidence of re-stenosis (30-40%) following PTCA [Califf, 1995], led to 

consider alternative approaches, like the use of stents.  

They are rigid scaffolds which are surgically located in the coronary stenotic portion, reducing 

the re-stenosis income compared to normal PTCA [Serruys, 1994; Fischman, 1994]. 
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Fig. 8. PTCA with metallic stent. 

 

Even though they could prevent the coronary wall early elastic recoil and late re-modeling, they 

induced neointima iperplasia (In Stent Restenosis – ISR).  

This event is mainly due to the iper-proliferation of vascular smooth muscle cells (VSMCs) 

present in the artery wall [Ruygrok, 2003; Moreno, 2004]. The introduction of drug eluting stents 

(DES), devices able to release drugs with potent anti-proliferative properties, substantially 

reduced VSMCs iper-proliferation and thus re-stenosis rate [Moses, 2003; Stone, 2004]. 

Unfortunately, also DES involve important side effects, like late stent thrombosis and delayed 

restenosis [Jukema, 2012].  

Concerning the antiproliferative agent, an optimal alternative to commonly used drug is 

represented by nucleic acid based drugs (NABDs), that evidenced to be reliable in suppressing 

the VSMCs exuberant proliferation [Grassi, 2004; Dapas, 2009]. NABDs are short DNA or RNA 

molecules able to recognize, in a sequence-specific fashion, a target which, depending on the 
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different NABD, can be represented by a nucleic acid or a protein. Then, NABDs are either able 

to induce the destruction or the biological impairment of the target. Thus, they can be used to 

counteract the effects of gene inducing diseases [Grassi G., 2013]. 

Due to the fragile nature, NABD incorporation onto DES is quite delicate (both in the naked or 

carrier-complexed form). A possible alternative for their in situ delivery is represented by the 

endoluminal gel paving technique (EGP) [Slepian, 1997], coupled with the implantation of a 

bare metal stent. EGP consists of the use of a gel covering the entire balloon injury site 

immediately after the balloon inflation. The polymeric solution is delivered, by means of a 

catheter, to the endoluminal surface and crosslinked in situ to yield a thin layer of degradable 

polymer. This layer, adhering to the vessel wall and embedding the stent, both acts as a drug 

(NABD) reservoir and creates physical barrier between the damaged coronary wall and the 

overflowing thrombogenic and inflammatory elements present in the blood stream [West, 1996]. 

In order to meet the requirements of the EGP-Stent approach, the pluronic-alginate polymeric 

system was selected as :  

1) it behaves as a solution when it flows inside the catheter,  

2) it becomes gel soon after deposition on the vessel wall,  

3) the gel is enough strong to resist to the blood flow erosion. 

 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Alginate was kind gift from FMC Biopolymer Ltd, UK, (molecular weight ≈ 106 Da), with a 

high G content (≈70% G and 30% M).  

Pluronic F127 was purchased from Sigma-Aldrich Chemie GmbH, Germany. Two model drugs 

were considered in this study to get information about the gel structure. The first one was 

theophylline (TPH), a small organic molecule (molecular weight 198 Da), purchased from 

Sigma-Aldrich Chemie GmbH, Germany. The second one, an oligonucleotide 51 nt long (DNA 

GT15H), was purchased from Eurofins MWG Operon, Ebersberg, Germany. All other chemicals 

were of analytical grade. 

5.2.2 Hydrogel preparation 

Three kinds of gels were prepared: the first one contained only alginate (2% w/w; A2) the second 

one contained only Pluronic F127 (18% w/w; P18) and the third contained alginate (2%w/w) and 



88 

 

PF127 (18% w/w) (A2P18). The PF127/A2 ratio was suggested by previous studies [Grassi, 

2006]. The polymeric blend A2P18 was prepared using the so-called “cold method” proposed by 

Schmolka [Schmolka, 1977]. 

Briefly, the appropriate amount of alginate powder was slowly added to stirred distilled water, 

contained in a beaker, maintained at 280K (7°C).  

Subsequently, Pluronic flakes were slowly added to the alginate solution. The system was stirred 

until complete polymer dissolution and then kept at 277K (4°C) for 12 h before use. A proper 

amount of polymeric solution was then poured into a bottom flat beaker to get a film of thickness 

approximately equal to 1 mm (277K - 7°C). The solution was heated to 310K (37°C) to reach the 

thermal gelation of Pluronic (A2PF18 thermal gelation starts at 293K - 20°C and is complete at 

297K - 24°C) [Grassi G., 2007]. 

Subsequently, a CaCl2 water solution (Ca2+ concentration equal to 5 g/l) was rapidly sprayed on 

the gel surface to promote alginate crosslinking. In order to prevent possible lacks of Ca2+, the 

volume of the sprayed crosslinking solution was approximately equal to gel volume. After a 5 

minutes contact, the crosslinking solution was removed and the crosslinked film was 

immediately and gently cleaned by laboratory paper. The P18 gel was prepared following the 

same procedure, except for the addition of the alginate and the crosslinking solution (P18 

thermal gelation starts at 295K-22°C and it is complete at 299K-26°C) [Grassi G., 2007]. The A2 

gel was obtained using the same method, except for the addition of Pluronic F127. Considering 

that high field NMR analysis requires deuterated solvents, high field NMR samples have been 

prepared by dissolving polymers in a D2O solution, containing the model drug (10 mg/cm3 for 

theophylline and 1 mg/cm3 for oligonucleotide). Indeed, D2O presence was necessary to silence 

the water protons that otherwise would have hidden model drug signals. 

5.2.3 Polarized light microscopy 

P18 and A2P18 samples, both before and after cross-linking, were checked by polarized light 

microscopy (Leitz Pol-Orthoplan microscope). 

5.2.4 Rheological Investigations 

The rheological characterization was carried out at 310K (37°C) by means of a Haake RS-150 

controlled stress rheometer equipped with a thermostat Haake F6/8 and mounting a parallel plate 

device with serrated surfaces (PP35Ti: diameter = 35mm). Due to the rigid nature of A2 and 

A2P18 gels, the gap setting was optimized according to a procedure described elsewhere 
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[Kuijpers, 1999]. Conversely, the gap was fixed equal to 1mm in the case of the soft P18 gel. The 

measuring device was kept inside a glass bell at constant humidity conditions to avoid 

evaporation effects. The rheological tests were performed under oscillatory shear conditions. In 

particular, the linear viscoelastic regions were assessed, at 1 Hz, through stress sweep 

experiments. Frequency sweep tests were carried out in the frequency (f) range 0.01–10 Hz at 

constant stress = 5 Pa (within the linear viscoelastic range for all the studied gels). Each test 

was carried out in triplicate. 

The generalized Maxwell model [Lapasin, 1995] was used for the theoretical dependence of the 

elastic (G’) and viscous (G’’) moduli on pulsation  = 2f (being f the frequency): 
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where n is the number of Maxwell elements considered, Gi, i and i represent, respectively, the 

spring constant, the dashpot viscosity and the relaxation time of the ith Maxwell element while Ge 

is the spring constant of the last Maxwell element which is supposed to be purely elastic 

[Lapasin, 1995]. The simultaneous fitting of eq.(1) and (2) to experimental G’ and G’’ data was 

performed assuming that relaxation times (i) were scaled by a factor 10 [Lapasin, 1995]. Hence, 

the parameters of the model were 2 + n (i.e. 1, Ge plus Gi). Based on a statistical procedure 

[Draper, 1966], n was selected in order to minimize the product 2*(2+n), where 2 is the sum of 

the squared errors. According to the generalized Maxwell model, the elastic modulus varies 

between two limiting values: Ge (Gmin) and the sum of the elastic contributions (Ge +Gi) (Gmax) 

[Pasut, 2008]. 

Starting from Flory’s theory [Flory, 1953] the polymeric network crosslink density x (defined as 

the moles of junctions between different polymeric chains per gel unit volume) can be 

determined from the elastic shear modulus G through: 

 RTG λρx             (3) 

where R is the universal gas constant, T is the temperature and  is a correcting parameter, called 

front factor, accounting for the dissimilarity between the real gel structure and the ideal model 
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postulated by the Flory theory [Flory, P. J. Principles of polymer chemistry. Cornell University Press, Ithaca (USA), 1953]. In 

the case of alginate gels, such a difference is related to the not punctual nature of the junction 

zones formed among the G-blocks belonging to different alginate chains [Turco, 2011]. 

Accordingly, coincides with the number of egg-box structures within the junction in the 

alginate hydrogel. While in the ideal Flory network we have  = 1, in our case, is around 14 

[Turco, 2011]. Finally, the equivalent network theory [Schurz, 1991] allows evaluating the 

average network mesh size  according to:  

 3
Axπρ6ξ N           (4) 

where NA is the Avogadro number and (1/(NA x)) is the spherical volume competing to each 

cross-link. 

5.2.5 Low field NMR 

Low Field NMR (LFNMR) characterization was performed, at 310K (37°C), by means of a 

Bruker Minispec mq20 (0.47 T, 20 MHz). Transverse relaxation time (T2) measurements were 

carried out according to the (Carr-Purcell-Meiboom-Gill; CPMG) sequence (number of scans = 

4; delay = 5 s) adopting a 90° - 180° pulse separation times  of 0.25 ms. In order to determine 

the T2 discrete distribution, the signal intensity I(t), related to the decay of the transverse 

component of the magnetization vector (Mxy), was fitted by the following sum of exponential 

functions: 
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where t is time, Ai are the pre-exponential factors (dimensionless) proportional to the number of 

protons relaxing with the relaxation time T2i and 21 T  is the average value of the inverse 

relaxation time of protons. Again, m was determined by minimizing the product 2*2m, where 2 

is the sum of the squared errors and 2m represents the number of fitting parameters of eq.(5) 

[Draper, 1966]. Measurements were led in triplicate. 

The relaxation (T2) experiments were used for the estimation of the mesh size of the alginate gel. 

Indeed, owing to the interactions between water molecules and polymeric chains, water protons 

near the surface of the polymeric chains relax faster than those in the bulk [Chui, 1995; 

Brownstein, 1979]. On the basis of Scherer theory [Scherer, 1994], it can be demonstrated 
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[Grassi M., 2013; Coviello, 2013] that, for diluted gel systems (polymer volume fraction  ≤ 

0.1), the average polymeric network mesh size () can be expressed as: 
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where Rf is the radius of the polymeric chain. In addition, the “Fiber-Cell” theory [Chui, 1995] 

ensures that the following relation holds:  
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where 21 T  is the average of the inverse relaxation time of the water protons trapped within the 

polymeric gel network, T2H2O is the relaxation time of the protons of the bulk water (i.e. protons 

of the free water, whose relaxation is not affected by the presence of the polymeric chains) and 

M  (length/time) is an empirical parameter (relaxation sink strength) accounting for the effect 

of polymer chains surface on proton relaxations. While eq.(7) holds on average for all the 

polymeric network meshes, similar expressions can be written for polymeric network meshes of 

different size (i): 
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where T2i is the relaxation time of the water molecules protons entrapped in polymeric meshes of 

size i. Eq.(7) and (8) hold in fast-diffusion regime, i.e. when the mobility of the water 

molecules, expressed by their self-diffusion coefficient D, is high compared with the rate of 

magnetization loss, identifiable with M *Rc (i.e. M Rc/D << 1). Rc indicates the distance from 

the polymer chain axis where the effect of polymeric chains on water protons relaxation becomes 

negligible and it can be expressed by [Chui, 1995]: 

 


f
c

R
R             (9) 

As 21 T  (see eq.(7)), T2H2O and  (see eq.(6)) are known, eq.(7) allows the determination of 

M . Furthermore, by knowing M  and T2i (see eq.(5)), eq.(8) makes possible the evaluation of 



92 

 

i for each class of polymeric network meshes. 

In order to study water mobility inside the gel network, Pulsed Gradient Spin Echo (PGSE) 

measurements were performed at 310K (37°C). The applied sequence consisted in the classical 

CPMG sequence with two equal gradient pulses (of length  = 1 ms) occurring at x1 = 1 ms and 

x2 = 1 ms after the 90° and 180° pulses, respectively. The time separation, indicated by  (≈ -x1-

+x2), is related to the water molecule diffusion time td according to td = (. The 

determination of the water self-diffusion coefficient was led fitting the following equation to 

experimental data [Skirda, 1999]:  
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where At and A0 are, respectively, the measured amplitude of the signal at the echo with and 

without gradient applied,  is the proton gyromagnetic ratio, g is the known magnetic field 

gradient while A0i are the fractions of water molecules characterized by a self-diffusion 

coefficient Dwi. In the case of a homogeneous system, of course, the summation limits to the first 

term (p = 1) as the water molecules are all characterized by the same self-diffusion coefficient. 

Also in this case, p was determined minimizing the product 2*2p where 2 is the sum of the 

squared errors and 2p represents the number of fitting parameters (A0i, Dwi) of eq.(10) [Draper, 

1966]. Measurements were carried out in triplicate. 

5.2.6 High field NMR 

Self-diffusion NMR measurements (PGSTE) were carried out at 310K (37°C) on a Varian 500 

MHz NMR spectrometer (11.74 T) operating at 500 MHz for 1H, equipped with a model L650 

Highland Technology pulsed field gradient (PFA) amplifier (10 A) and a standard 5 mm indirect 

detection, PFG probe. The lock was made on D2O and solvent suppression was accomplished by 

pre-saturation. A one-shot sequence has been employed for theophylline gels diffusion 

measurements [Pelta, 2002; Johnson, 1999], with 20 different z-gradient strengths, Gz , between 

0.02 and 0.54 T/m, a pulsed gradient duration, , of 2 ms, and at different diffusion interval (). 

At each gradient strength, 64 transients have been accumulated employing a spectral width of 5,5 

kHz (11 ppm) over 16k data points.  

Oligonucleotide samples have been analyzed thanks to an excitation sculpting PGSTE 

experiment [Hwang, 1995]. PGSTE NMR spectra were processed using MestRenova and self-
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diffusion coefficients were determined by means of eq. (10).  

5.2.7 TEM  

A2 and A2P18 gels were dehydrated and embedded in Epoxy resin. Then, ultrathin sections were 

contrasted using Pb3(C6H5O7)2.  

Images were recorded by means of a Philips EM 208 (100 KV) Transmission Electron 

Microscope. 

 

5.3 RESULTS AND DISCUSSION 

Stress sweep tests revealed (data not shown) that, for all the studied gels (A2, P18 and A2P18), 

the linear viscoelastic range holds for stresses above and beyond the value adopted for frequency 

sweep tests ( = 5 Pa).  
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Fig. 9. Mechanical spectra referring to alginate (A2), Pluronic (P18) and alginate-Pluronic (A2P18) gels at 

310K (37°C). Filled and open symbols represent, respectively, storage (G’) and loss (G’’) modulus while solid 

lines represent the best fitting of the generalized Maxwell model composed by 5 elements (eqs.(1) and (2)). 

Vertical bars indicate standard error. 

 

For all tested systems (fig. 9), the storage modulus G’ is quite independent of pulsation  (= 2f) 

and prevails on G'', as found for other physical gels and structured polymeric/disperse systems 

[Lapasin, 1995].  

Both G’ and G’’ decrease in the order A2 > A2P18 > P18, thus indicating that Pluronic addition 

hinders the alginate crosslinking process. Conversely, it has been found [Grassi G., 2007] that 

alginate presence enhances micelles organization, determining an anticipation of the F127 sol-gel 
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temperature transition without altering the final rheological properties of the alginate-pluronic 

gel. 

The statistical procedure revealed that a parallel combination of four Maxwell elements and one 

purely elastic is necessary to obtain a statistically reliable fitting of the mechanical spectra 

reported in fig. 9 (see solid lines).  

Best fitting parameters values are reported in tab. 2.  

 

Table 2. Parameters relative to the eq.(1)-(2) best fitting to the experimental data (systems A2, A2P18, P18) 

shown in fig. 9. Ge, G1, G2, G3 and G4, are the spring constants of the generalized Maxwell model, 1 is the 

relaxation time of the first viscoelastic Maxwell element, Gmin (=Ge) and Gmax ( 



4

1i

ie GG ) indicate, 

respectively, the minimum and the maximum value of the shear modulus, x is the crosslink density,  is the 

mesh size of the polymeric network while F(5,30) indicate the F-test results about the statistical acceptability 

of data fitting. 

 A2 A2P18 P18 

1(s) (2.5 ± 0.4)10-2  (3.6 ± 0.1)10-2  (2.4 ± 0.2)10-2  

Ge(Pa) = Gmin(Pa) 17259 ± 3853 10283 ± 772 3830 ± 925 

G1(Pa) 13761 ± 610 7781 ± 177 947 ± 13 

G2(Pa) 9123± 596 4863 ± 109 944 ± 36 

G3(Pa) 9883 ± 589 8848 ± 277 1393 ± 87 

G4(Pa) 17072 ± 908 8565 ± 633 4108 ± 342 

Gmax(Pa) 67099 ± 4092 40341 ± 1057 11223 ± 992 

x(mol/cm3)   Gmax (18.6 ± 1.1)10-7 (11.1 ± 0.3)10-7 - 

x(mol/cm3)   Gmin (4.8 ± 1.0)10-7 (2.8 ± 0.2)10-7 - 

 (nm)   Gmax 12 ± 0.24 14 ± 0.12 - 

 (nm)   Gmin 19 ± 1.40 22 ± 0.50 - 

F(5,30) < 27 413 138 

 

Tab. 2 (see F-test) and fig. 9 reveal that the three fitting are statistically good and that the mesh 

size of the polymeric network should be comprised between 12 and 19 nm for the A2 gel and 

between 14 and 22 nm for the A2P18 gel.  

In the A2P18 case, the evaluation of the mesh size appears questionable as Pluronic does not lead 

to a network topology comparable to that assumed by the Flory [Flory, 1953] and Sherer 

[Scherer, 1994].  

Nevertheless, the  increase, in comparison with the A2 case, is another way to determine the 

hindering behavior of Pluronic on alginate crosslinking process. 

Low field NMR tests revealed that, for the P18 gel, three relaxation times are necessary to 

describe the relaxation of the transverse component (Mxy) of the magnetization vector (M). 
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 Conversely, in the A2 and A2P18 cases, four relaxation times are needed as reported in tab. 3. 

 

 

Table 3. Relaxation times (T2i) and relative weights (Ai%) referring to the three gels considered (A2P18, A2, 

P18). The relative weights are evaluated as 



m

1i

iii% 100 AAA (see also eq.(5)). Finally, the average 

inverse relaxation time is evaluated as 



m
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A2P18 A2 P18 

Ai% T2i(ms) Ai% T2i(ms) Ai% T2i(ms) 

7.8 ± 2.5 1312 ± 300 21.4 ± 5.7 1925 ± 310 83.7 ± 0.1 2280 ± 77 

13.2 ± 1.4 402 ± 92 9.1 ± 2.9 474 ± 173 9.8 ± 0.2 407 ± 8 

67.6 ± 8.5 124 ± 8.5 46.8 ± 8.4 126 ± 22 6.5 ± 0.2 88 ± 5 

11.4 ± 6.8 54 ± 17 22.7 ± 6.0 62 ± 14   

21 T (ms-1) 21 T (ms-1) 21 T (ms-1) 

7.92*10-3 7.62*10-3 1.33*10-3 

 

Although it is never simple associating a relaxation time to a particular protons status, in the case 

of P18 we can argue that the highest relaxation time (T21) essentially corresponds to “free” water 

protons, i.e. it corresponds to the water molecules that are weakly influenced by P18 micelles 

and that permeate into the micelles three-dimensional network. This hypothesis is supported by 

their abundance (A1% ≈ 84%, see tab. 3) and by the relatively high value of the relaxation time 

(T21 = 2280 ms, see tab. 3) in comparison to that of the bulk water that, at 310K (37°C), is 

approximately 3700 ms [Coviello, 2013]. The last two relaxation times (T22, T23) could be 

attributed to Pluronic micelles and related bound water. This hypothesis is supported by the fact 

the sum of T22 and T23 abundance (16.3%) is close to that theoretically competing to Pluronic 

protons (15.9%). In addition, the average T22 and T23 value (weighted on their relative 

abundance) (280 ms) is close to the relaxation time (224 ms) we measured for Pluronic protons 

in the P18-D2O gel (310K-37°C). 

In the A2 case, the fastest relaxation times (T22, T23, T24,) should correspond to the protons of the 

water trapped inside the polymeric meshes as their values are very low in comparison to free 

water relaxation at 310K (37°C) (3700 ms [Coviello, 2013]) and they represent about 80% of the 

relaxing protons. Oppositely, the first relaxation time (T21) is too high to be associated to water 

trapped in the polymeric meshes and it could be related to the water present on the film surface 

due to the unavoidable alginate shrinkage upon crosslinking as also found elsewhere [Turco, 
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2011]. Due to the low alginate concentration, the contribution of alginate protons is not 

detectable (≈ 0.64%). The A2P18 gel shows a relaxation behavior similar to the A2 one (see tab. 

3), with a main difference occurring for the slowest relaxation time (T21). Indeed, the Pluronic 

presence in the alginate network clearly decreases T21 value and weight (A1%) that becomes 

approximately one/third. This mentioned evidence further supports the hypothesis that T21 is 

associated to surface water due to network shrinkage. Indeed, in the presence of Pluronic, 

network shrinking is considerable reduced (data not shown) and it is also reasonable that the 

surface water is more “bound” due to the presence of Pluronic. Due to the existence of two 

structures (one of alginate and one of Pluronic) the physical interpretation of T22, T23 and T24 in 

the A2P18 case is not easy. Anyway, their values are statistically equal to those competing to the 

A2 gel (see tab. 3) and differences arise for what concerns their relative abundance (see tab. 3). 

Thus, we could conclude that Pluronic presence does not qualitatively change the structures 

present in the A2 gel, but it induces a variation of their relative abundance. Interestingly, A2P18 

is the gel characterized by the lowest average relaxation time among the three considered gels. 

In the A2 case, the theory shown in the Low field NMR section can be considered for the 

determination of the polymeric network mesh size distribution. Bearing in mind that polymer 

volume fraction () is 0.0114 and alginate fiber radius (Rf) is equal to 0.8 nm [Amsden, 1998], 

eq.(6) returns  = 22.9 nm.  knowledge and eq.(7) allow to conclude that the relaxivity M  is 

equal to 3.24*10-7 m/s. This estimation was carried out calculating the average inverse relaxation 

time ( 21 T = 9.6*10-3 ms-1) based on the three fastest relaxation times (T22, T23 and T24 in tab. 

3), as the first one was not attributed to water blocked in the polymeric network. Considering that 

the water self-diffusion coefficient at 310K (37°C) in the A2 gel (see fig. 10) is around to 3*10-9 

m2/s (i.e. close to that of free water [Holz, 2000]) and that Rc = 69.4 nm (see eq.(9)), it turns out 

that M Rc/D = 8*10-7, i.e, << 1. Accordingly, fast conditions are met and eq.(8) can be adopted 

to estimate the mesh size (i) corresponding to relaxation times T22, T23 and T24: 2 = 114 nm 

(11%), 3 = 28 nm (59%) and 4 = 13.6 nm (30%). It can be noticed that the  range, as per 

rheology (12 – 19 nm; see tab. 3), is not so far from the 3 - 4 range that represents, according to 

the low field NMR analysis, the 89% of the network meshes. 
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Fig. 10. Diffusion time (td) dependence of the water self-diffusion coefficient in alginate (Dw A2), Pluronic (Dw1 

P18, Dw2 P18) and alginate-Pluronic (Dw1 A2P18, D2 A2P18) gels (310K 37°C). While in the A2 gel only one 

diffusion component can be seen, two diffusion modes are detectable for the P18 and A2P18 gels. Vertical bars 

indicate standard error. 

 

In order to get more insights on A2P18 gel structure, water self-diffusion coefficient (D) has 

been determined, through PGSE experiments. Fig. 11 shows the trend of Ln(At/A0) versus q2 (see 

eq.(10)) for the three gels studied (A2, P18, and A2P18) and considering  = 30 ms (i.e. td = 

29.66 ms). In the A2 sample, only one of the p exponentials appearing in eq.(10) was necessary 

for a reliable data fitting. 
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Fig. 11. Logarithmic decrease, Ln(At/A0), of the ratio between the measured amplitude of the signal at the 

echo with (At) and without (A0) gradient applied, versus q2 (q = *g*, see eq.(10)) for the three gels studied 

(A2, P18, and A2P18) assuming a diffusion time td = 29.66 ms ( = 30 ms) (310K - 37°C). Symbols indicate the 

experimental data while solid line indicate eq.(10) best fitting. Vertical bars indicate standard error. 

 

Viceversa, for P18 and A2P18 gels, two exponentials are needed. This means that in the A2 gel 

all the water molecules diffuse in the same way (obviously, the crosslinked alginate chains 

cannot diffuse), while in the other two systems two distinct diffusion modes are detectable. Fig. 

10 extends this finding for all the , or td, considered. For the A2 gel, the water self-diffusion 

coefficient (DwA2, see crosses) is independent on td, or its square root, thus the A2 polymeric 

network is substantially homogeneous (interconnected mesh) as its hindering action on water 

molecules diffusion is the same whatever the td considered [Stait-Gardner, 2009]. Moreover, its 

hindering action is very limited as DwA2 is very close to the bulk water self-diffusion coefficient 

(310K - 37°C; 3.04*10-9 m2/s [Holz, 2000]).  

In the P18 case, conversely, two diffusing species can be found. The first one, Dw1 P18, can be 

attributed to free water (water molecules that are weakly influenced by P18) while the second 

one, D2 P18, should correspond to Pluronic micelles and the water strictly bounded. Indeed, not 

only Dw1 P18 is very close to bulk water self-diffusion coefficient at 310K (37°C), but also 

eq.(10) data fitting evidences that, despite the diffusion time td, about 80% of the protons diffuse 
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with self-diffusion coefficient equal to Dw1 P18 while the remaining 20% diffuses as D2 P18. 

This outcome definitely agrees with what found in relaxation experiments (see tab. 3) and with 

the gel theoretical composition (18% pluronic, 82% water). Furthermore, PGSE experiments 

carried out on the P18-D2O gel, reveal that only one diffusing species can be found and its self-

diffusion coefficient is, regardless of td, around 2.7*10-11 m2/s, i.e. close to D2 P18. In the A2P18 

gel, again, two diffusion components can be detected: Dw1 A2P18 and D2 A2P18.  

Their relative abundance (80%, 20%) is equal to that of the P18 case and it agrees with the gel 

theoretical composition for what concerns mobile species (18% pluronic, 80% water). Thus, the 

slow diffusion could be attributed to pluronic micelles and bound water while the fast diffusion 

component could be attributed to free (unbound water). The presence of alginate makes D2 

A2P18 values slightly smaller than those competing to D2 P18 (see fig. 10). In conclusion, also 

PGSE experiments reveal different characteristics for the A2 and A2P18 gel. This conclusion is 

also supported by the high field NMR analysis employed to study the self-diffusion coefficient of 

theophylline (DTH) in our gel systems. 
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Fig. 12. Diffusion time (td) dependence of the theophylline self-diffusion coefficient (DTH) in D2O (open 

circles), alginate (A2, open squares), Pluronic (P18, open triangles) and alginate-Pluronic (A2P18, black 

diamonds with dotted line) gels (310K - 37°C). Vertical bars indicate standard error. 

 

Fig. 12 shows the DTH dependence on the square root of the diffusion time, td, in a D2O-

theophylline solution (10 mg/cm3, 310K - 37°C) and in the three gels prepared with the same 
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D2O-theophylline solution. It can be noticed that, in the D2O solution, DTH is independent on td 

and its value is a little bit smaller than that in H2O at the same temperature [Grassi M., 2007] 

(8.2*10-10 m2/s). This small difference can be explained by the higher viscosity of D2O compared 

with H2O. In the A2 gel, again, DTH is independent on td and this is a clear indication of a 

homogeneous network that offers the same hindering action on theophylline diffusion, whatever 

the distance explored in the diffusion time. In addition, DTH is slightly decreased by the presence 

of the polymeric network, as its value is not so far from that in D2O. This means that 

theophylline diameter (0.78 nm) [Grassi M., 2007] is supposed to possess smaller dimensions 

compared with network meshes, as per rheology (12 – 19 nm) and low field NMR (114 – 13 nm) 

previous estimations. In the P18 gel, DTH is still constant, but its reduction with reference to that 

in D2O is now notable. Thus, the mentioned gel is homogeneous but its architecture is 

completely different from that of A2. As the A2P18 gel is characterized by a td dependent DTH, it 

is not homogeneous. This means that, for small td, theophylline mobility is almost un-affected by 

the gel structure (see fig. 12), while its mobility is considerably reduced when it has the chance 

to explore wider space portions (big td) where the probability of matching an obstacle is 

considerably increased. Interestingly, the DTH value corresponding to the highest td explored (see 

fig. 10) is lower than that competing to the PF18 system, due to the simultaneous presence of 

alginate and Pluronic in the A2P18 gel.  

As well as in previous low field NMR analysis, theophylline echo decays are exponential, with 

diffusion coefficients independent of diffusion time, in A2 and P18 gel, since both materials are 

quite homogeneous. Viceversa, theophylline diffusion coefficient does not fit with a single 

exponential in the A2P18 gel. 

 
Tab. 4. Theophilline diffusion coefficients in all gelating systems. 

 
Sample Diffusion coefficient Dependence on  

Theo+D2O 7.2·10-10 m2/s Independent 

Theo+Alg+Ca2++D2O 6.2·10-10 m2/s Independent 

Theo+PF127+D2O 3.5·10-10 m2/s Independent 

Theo+PF127+Alg+Ca2++D2O D depends on  

 

 

Conversely, the diffusion in the composite gel is exceptional, the echo decays deviating from 

exponential trends. Thus, a stretched exponential or fractional order analysis model [Magin,  

2011] has been employed to rationalize the experimental trends.  
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the echo decay S is a stretched exponential function 

the  exponent is a measure of structural complexity [0< < 1] 

 close to 1: uniform and homogeneous environment 

 near 0.5: wide distribution of exponential decays, high heterogeneity 

 

The parameters obtained with the best fit procedures indicate a high structural complexity 

(porosity and tortuosity). 

 

 
Fig. 13. Diffusion profiles for theophilline in D2O (left), theophilline with PF127-D2O 18% w/w (right), both at 

310K (37°C). 
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Fig. 14. Diffusion profiles of theophylline signal in composite gel of PF127 18%, alginate 2%, D2O w/w (Ca2+ 

cross-linking) at 310K (37°C). 
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Tab. 5. Fitting results for theophilline diffusion coefficients, at various , of the A2P18 gel. 

 

 exponential fit stretched exponential fit 

 D D 

ms 10-10 m2/s 10-10 m2/s  

20 8.36 10.54 0.5 

30 5.86 7.14 0.6 

60 4.37 7.09 0.6 

100 3.88 6.44 0.6 

200 3.3 6.23 0.5 

 

 

 

In complex materials with a restricting boundary, the mean square displacement is a function of 

D0 (bulk diffusivity), restricting geometry and observation time (). The D obtained by fitting 

NMR data to an exponential decay is thus an apparent diffusivity, Dapp. These observations 

confirm the hypothesis of an interaction of the PEO headgroups of Pluronic with the biopolymer, 

decreasing their hydration, opening water channels in the A2P18 gel, and, at the same time, 

forming barriers that hamper long range diffusion, thus succeeding in a sustained release of 

embedded drugs. 

After such a successful optimization of the mentioned gelating system, the latter has been 

employed for a sustained gene delivery model. Thus a short-chain double stranded DNA 

sequence has been used as probe nucleic acid based drug. Considering that in the previous case, 

quite large amount of probe drug was used (20mg/mL), the one-shot experiment seemed to be 

the best choice. But, using low concentrated gene cut (only 1mg/mL!), containing exchangeable 

protons, NMR experiments holding a saturation of the H2O resonance during the relaxation delay 

before the pulse sequence by a low-intensity continuous irradiation has been considered not 

suitable for the mentioned case. Moreover, the saturation transfer can impressively attenuate the 

lines from DNA exchangeable protons. For these reasons, an excitation sculpting NMR sequence 

has been applied [Hwang, 1995]. 
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Fig. 15. DOSY NMR spectrum of a D2O solution the double stranded gene probe. 

 

 

DNA was firstly characterized and demonstrated a 100% purity level and a high stability. 

As found for theophylline, DNA echo decays are non-exponential in the A2P18 gel, with 

diffusion coefficient dependent of diffusion time, confirming both porosity and tortuosity of the 

hydrogel polymeric network (see tab. 5). 

 

Tab. 6. Fitting results for DNA diffusion coefficients, at various , of the A2P18 gel. 

 exponential fit stretched exponential fit 

 D D 

ms 10-10 m2/s 10-10 m2/s  

300 0.237 0.228 0.923 

600 0.137 0.123 0.758 

800 0.14 0.137 0.758 

1000 0.088 0.078 0.489 

1500 0.073 0.073 0.606 

 

 

 

 

A final confirmation of the inhomogeneous nature of the A2P18 gel is given in fig. 16 that 

reports the comparison between the TEM images of the A2 gel and the A2P18 gel. 

TEM images match both rheology and low field estimations, showing the presence of few big 

meshes (≈ 100 nm), in A2 gel, as well as much smaller and frequent meshes. 
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Fig. 16. Comparison between the TEM images referring to the alginate-Pluronic (A2P12) and the alginate 

(A2) gels. 

 

In the A2P18 gel, alginate chains (black traces; Pluronic micelles are not visible) form wider 

meshes when Pluronic is present. In addition, the coexistence of small and big meshes in the 

A2P18 gel (fig. 16) can be explained by the not uniform disposition of pluronic micelles in the 

polymeric network, as found by Frisman and co-workers [Frisman, 2012]. These authors, dealing 

with a similar system (photo-crosslinked PEGylated fibrinogen - Pluronic F127 gels), found that 

pluronic micelles were still present after PEGylated fibrinogen crosslinking and that their 

ordering depended on pluronic concentration. When pluronic F127 concentration was < 7% w/w, 

a homogeneous micelles distribution occurred while, for higher pluronic F127 concentration, 

micelles organized into dense aggregates whose packing increased with pluronic concentration. 

Moreover, they observed the coexistence of areas of randomly distributed micelles and areas of 

ordered micelles. This not uniform state of micelles aggregation is supposed to occur also in  the 

P18A2 gel,  leading to both bigger and smaller meshes. Oppositely, Pluronic absence indicates 

the formation of a structure characterized by smaller meshes. Rheology, low and high field NMR 

results let us conclude that the structure of the A2P18 gel is that reported in fig. 17 (figure was 

built catching the alginate chains architecture TEM and then inserting the cubic structures 

formed by Pluronic micelles (stars of diameter ≈ 20 nm [Frisman, 1995]; stars are in scale with 

mesh size)). 
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Fig. 17. Schematic representation of the A2P18 gel nanostructure. 

 

Depending on size, it is possible to distinguish meshes which can host the Pluronic liquid 

crystalline arrangement (stars lattice) and meshes that cannot, because of small dimensions. 

Small meshes can host either unstructured micelles, or just water. 

Hence, our model drug (theophylline) can freely diffuse in smaller meshes (those without the 

Pluronic micelles ordered domains) while its diffusion is obstructed in large meshes where the 

Pluronic micelles ordered domains can form. The absence of birefringence both in P18 and 

A2P18 gels proved the similar organization of pluronic micelles in these two systems and gels 

isotropy, as the cubic crystalline phase is generated by P18 over about 300-301K (27-28°C) 

[Gentile, 2010]. 

Finally, high field NMR, allowed also to estimate the self-diffusion coefficient (D0) of our 

second model drug (oligonucleotide, used to mimic NABD) in the A2P18 gel. It turned out that, 

in the explored diffusion time range (300 ms < td < 1800 ms), DO decreases from 2*10-11 m2/s to 

3*10-12 m2/s (310K - 37°C). Thus, for small td, its diffusivity is about 1/3 of that measured in 

pure D2O (6.6*10-11 m2/s; 310K - 37°C) while this ratio falls to about 1/20 for longer td. Again, 

this behavior should be due to the inhomogeneous structure of the A2P18 gel. 
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5.4 CONCLUSIONS 

The joint use of rheology, TEM, low and high field NMR allowed to understand the structure of 

a gel made up of alginate and Pluronic and conceived for artery drug delivery according to the 

endoluminal gel paving approach.  

Pluronic micelles, organizing in cubic domains, generate, upon alginate crosslinking, the 

formation of meshes bigger than those occurring in the Pluronic free alginate network.  

Nevertheless, smaller alginate meshes are still on and can just host un-structured Pluronic 

micelles and water.  

As a results, Pluronic presence leads to an inhomogeneous structure formed by big meshes (filled 

by ordered Pluronic micelles), where the diffusion of a solute is considerably hindered and 

smaller meshes where solute diffusion is faster.  

This aspect can be quite interesting from the delivery point of view as it is supposed to roughly 

involve a two stages release kinetics: an initial fast stage followed by a slow one.  

The combination of the first stage, due to drug presence in the meshes filled by packed PF127 

micelles (big ones), and the second, due to the drug presence in the meshes free from packed 

PF127 Pluronic micelles (small ones), should ensure an optimal balance between slow and fast 

release.  

Indeed, previous simulations [Davia, 2009] indicated the synergy of a fast and a slow release 

stages as the desired release kinetics to obtain an almost constant drug concentration in the artery 

wall. 
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. CHAPTER 6 

Surfactant-polymer interaction: Vesicles-driven gel-like systems 

 
6.1 INTRODUCTION 

Polymer-surfactant self-organization is at the basis both of many complexes hierarchical 

structures, characteristic of living matter, and systems with great industrial importance, where 

they are exploited to give the desired sensorial, release and rheological properties to foods, 

pharmaceutical formulations, as well as paints and household detergents. Currently, biopolymers 

and their derivatives are on stage because they are biocompatible and eco-friendly, coming from 

renewable sources and being susceptible to biodegradation. They can be used to reproduce 

biomimetic material, but also in quite innovative nanotechnology [Schnepp, 2013]. 

A notable example of this kind of polymers are cationic hydroxyethylcelluloses, which are 

inexpensive, highly biocompatible, possess antimicrobial activity, and therefore,  widely used in 

personal care products yet, such as solutions for contact lenses and hair-care formulations [Gao, 

2009; Drovetskaya, 2004; Drovetskaya 2007; Ballarin, 2008; Ballarin 2011]. They can originate 

gels at low concentration by addition of small amounts of ionic surfactants [Leung, 1991; 

Goddard, 1991; Chronakis, 2001]. 

Polymeric hydrogels based on not covalent interactions, compared to chemical-crosslinked ones, 

are characterized by the absence of harmful, secondary products of the cross-linking reaction and 

by reversibility, thus these materials can be promptly responsive to external stimuli. These 

features look interesting in the perspective of biomedical use. Highly diluted polymeric 

hydrogels can be achieved thanks to several not-covalent cross-linking methods: a quite 

interesting, not yet fully explored, concerns the employment of vesicles, which take a much 

higher volume fraction than micelles, at the same surfactant concentration. The examples of 

vesicular aggregates involved in the gel network reported in literature surround both non-ionic 

and charged electrolytes as well as oppositely charged vesicles [Loyen, 1995; Meier, 1996; 

Marques, 1999; Regev, 1999; Ashbaugh, 2002; Lee, 2005; Antunes, 2007; Lin, 2009; Huang, 

2009; Antunes, 2009]. Indeed, both electrostatic and hydrophobic interaction cooperate with 

these systems and their role is due to the specific chemical substances involved. 

Catanionic vesicles, in general, are originated by the association of two oppositely charged ionic 
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surfactants in the presence of an excess of one of the two partners, for charge stabilization 

reasons. The main difference between catanionic vesicles and liposomes, the most famous 

aggregates of phospholipids, concerns their spontaneous formation [Kaler, 1989]. Furthermore, 

they offer the advantage of virtual infinite variety of starting materials, commonly cheaper and 

more reproducible than phospholipids, which gives the possibility of an easy tailoring of the self-

assemblies properties.  

It has been inferred that the polymer z-average radius of gyration depends on molecular weight, 

as per the not hydrophobically modified analogous Polyquaternium-10 [Gao, 2009].  

Thus, for the Softcat SL polymers, with MW (molecular weight) in the range 200000-800000 

[Huisinga, 2008], the radius of gyration should lie in the range 200-500 nm, which is comparable 

to the vesicle size (vesicles size in solution, is between 200 and 800 nm, depending on the molar 

ratio R) [Andreozzi, 2010].The SDS/CTAB catanionic vesicles, in the SDS-rich side, are 

characterized by a thermally induced transition from multilamellar, polydisperse, spontaneously 

formed vesicles to smaller, less polydisperse, unilamellar ones [Andreozzi, 2010; Milcovich, 

2012]. This peculiarity of the SDS/CTAB vesicles is precious in the present context because its 

either maintenance or disappearance constitutes an immediate proof of vesicles’ perturbation by 

the polyelecrolytes. Four cationic hydroxyethylcellulose derivative, of the Polyquaternium-67 

polymers type, commercialized by Dow as Softcat SLTM, were considered as polymeric phase.  

They are characterized by constant cationic substitution and different hydrophobic substitution 

degree. On the other hand, vesicles are negatively charged with tunable charge density [Barbetta, 

2011], obtained by varying the relative amount of the two components The polymer 

concentration should exceed the overlap concentration based on the above mentioned radius of 

gyration values. The main purpose concerns the design of a rational strategy for hydrogels 

formulation at high water content, based on networks of cationic celluloses and catanionic 

vesicles. In order to get a deeper understanding of the supramolecular structures of the materials, 

investigations were carried out by techniques sensitive at different length scale. Samples were 

characterized, from a macroscopic point of view, by means of rheology and, at the mesoscale, by 

transmission electron microscopy (TEM). The microenvironment of the polymer-vesicles 

network was investigated by following the diffusion of a small molecular probe through PGSTE 

NMR, whereas details at the molecular level were afforded both by 1H NMR and 23Na NMR 

spectroscopy. 
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6.2 EXPERIMENTAL 

6.2.1 Materials 

High-purity surfactants sodium dodecylsulfate (SDS) and cetyltrimethylammonium bromide 

were purchased from Aldrich and used as received.  

The polymers were supplied by Amerchol Corporation, subsidiary of Dow Chemical Company, 

Greensburg, LA. Their trade name is SoftCATTM SL, and they pertain to the INCI (International 

Nomenclature of Cosmetic Ingredient) [http://ec.europa.eu/consumers/sectors/cosmetics/acronyms/index_en.htm] series 

Polyquaternium-67 (PQ-67).  

They are chloride salts of N,N,N-trimethylammonium derivatives of hydroxyethylcellulose with 

molecular weights in the range 200000-800000 g mol-1, bearing some 

dodecyltrimethylammonium residues as hydrophobic substituents [Huisinga, 2008]. 

 

Fig. 1. Structure of PQ-67 polymers 

 

The information provided by the manufacturer, relevant to viscosity and nitrogen content [Dow, 

2013], are reported in table 1: 

 

Table 1. Properties of the employed Polyquaternium-67 

 

SoftCAT SL Grade 
HS* 

[Huisinga, 2008] 

Viscosity (1% aqueous 

solution, mPa·s) 
% Nitrogen 

SL 5 5·10-4 2500 0.8 – 1.1 

SL 30 5·10-3 2600 0.8 – 1.1 

SL 60 7·10-3 2690 0.8 – 1.1 

SL 100 1·10-2 2800 0.8 – 1.1 

* the hydrophobic substitution (HS) is the average number of moles of hydrophobic residues for anhydroglucose 

repeat unit  

Polyquaternium-67 (PQ-67) are the structural analogues hydrophobically substituted of 

Polyquaternium-10 (PQ-10), HS= 0, with identical nitrogen content, 1%, thus comparable charge 
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density: one positive charge at about every four anhydroglucose repeat unit (cellobiose). 

6.2.2 Sample Preparation 

Both SDS and CTAB 6 mM solutions were prepared, employing distilled water. The catanionic 

vesicles, at 6 mM total surfactant concentration (assuming negligible partial volume changes), 

were obtained simply by mixing volumes of the SDS and CTAB solution in the ratio due to the 

desired SDS/CTAB molar ratio (R). 

Although different R were considered, most of the characterisation were conducted on R = 2,2 

systems as this value, thanks to previous experiments, ensures an appropriate hydrodynamic 

radius for drug delivery [Prabha, 2002].  

Interestingly, the system turned milky when mixed, evidencing the formation of multilamellar 

catanionic vesicles, which are good visible light scatterers  [Andreozzi, 2010]. 

The gels were prepared by adding the polymer to the vesicles solution to get a polymer 

concentration of 1% wt. The mixtures were homogenized by stirring and then left to equilibrate 

for at least 1 week. In order to remove the presence of air bubbles, the hydrogels were 

subsequently centrifuged at 4000 rpm for 5 minutes. The various samples will be referred to by 

the SL grade of the polymer (see Table 1) and the surfactants ratio, R, in the vesicles, e.g., SL-5 

R=2.2 being both polymer and total surfactant concentration constant. 

The samples for 1H NMR measurements were prepared using D2O. 

6.2.3 Rheology 

Rheological measurements were performed by using a Haake Rheo Stress 150 rheometer 

equipped with an automatic gap setting. Cone-plate geometry was employed and, to minimize 

evaporation, a solvent trap system was used. The temperature was controlled by a water bath.  

The gap was fixed equal to 1 mm. The rheological tests were performed under oscillatory and 

steady shear conditions (flow curves). In particular, the linear viscoelastic regions were assessed, 

at 1 Hz, through stress sweep experiments. Frequency sweep tests were carried out in the 

frequency (f) range 0.01–10 Hz at constant stress =2 Pa (well within the linear viscoelastic 

range for all studied gels). Stress sweep tests has been performed in the stress range () 1-1000 

Pa, at constant frequency f=1 Hz. 

The generalized Maxwell model [Lapasin, 1995] was used for the theoretical dependence of the 

elastic (G’) and viscous (G’’) moduli on pulsation =2f, f being the solicitation frequency: 
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           (2) 

 

 

where n is the number of the Maxwell elements considered, Gi,i and i represent, respectively, 

the spring constant, the dashpot viscosity and the relaxation time of the ith Maxwell element 

while Ge is the spring constant of the last Maxwell element which is supposed to be purely 

elastic [Lapasin, 1995]. The simultaneous fitting of eqn (1) and (2) to experimental G’ and G’’ 

data was performed assuming that relaxation times (i) were scaled by a factor of 10 [Lapasin, 

1995] .Hence, the parameters of the model were 1 + n (i.e. 1, plus Gi). Based on a statistical 

procedure, [Draper, 1966] n was selected in order to minimize the product 2*(1 + n), where 2 is 

the sum of the squared errors. The sample elastic modulus can be computed as the sum of all the 

elastic contributions of the elements of the generalised Maxwell model [Pasut, 2008]. 

Flow curves were determined by stress-driven shear experiments in the shear stress range () 1-

100 Pa. In addition, the zero shear viscosity (0) was measured as a function of temperature in 

the range 303-343K (30-70°C) in order to evaluate the activation energies, Ea, according to the 

Arrhenius model [Beheshti, 2010]: 

  

(3) 

 

     

6.2.4 TEM 

Transmission electron microscopy imaging was carried out by means of a Philips EM 208 (100 

kV) Transmission Electron Microscope, equipped with a high definition system Olimpus Soft 

Imaging Solutions GmbH. The samples were contrasted by OsO4 vapours exposure. 
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6.2.5 23Na NMR Measurements 

The 23Na NMR T2 measurements were carried out by means of a Hahn echo sequence, using 20 

different  intervals, on a JEOL Eclipse 400 (9.4 T) NMR spectrometer, operating at 399.78 MHz 

for 1H and 105.8 MHz for 23Na, without field frequency lock. 

6.2.6 1H and Pulsed Field Gradient Stimulated Echo (PGSTE) NMR Measurements 

The NMR measurements were carried out on a Varian 500 NMR spectrometer (11.74 T) 

operating at 500 MHz for 1H, equipped with a model L 650 Highland Technology pulsed field 

gradient amplifier (10 A) and a standard 5 mm indirect detection, pulsed field gradient (PFG) 

probe. Spectral widths of 5506 Hz over 16384 complex data points were employed for the 1H 

NMR spectra. The data were zero filled to time prior to Fourier transformation. The chemical 

shifts are referred to the residual proton water signal taken at 4.653 ppm, at 310K (37°C). 

For the 1H PGSTE NMR diffusion measurements the one shot pulse sequence [Pelta, 2002] was 

employed, with 20 different z-gradient strengths, Gz, between 0.02 and 0.54 T/m, a pulse 

gradient duration, , of 2 ms, and a diffusion interval, , in the range 10-1000 ms. Water 

suppression was accomplished by pre-saturation. The gradients were calibrated on the value of 

D= 1.90·10-9 m2s-1 for 1H in D2O (99.9%) (298K-25°C) [Antalek, 2002]. The values of the self-

diffusion coefficient, D, were obtained by Tanner equation [Tanner, 1970] fitting to experimental 

data. Data fitting was carried out by the Microsoft Excel Solver. 

   

where b= (HGz)2(-/3), with H being the 1H magnetogyric ratio, E and E0 are the signal 

intensities in the presence and absence of Gz, respectively. 

 

6.3 RESULTS AND DISCUSSION 

The systems obtained by mixing the two, equally concentrated, solutions of the parent 

surfactants, employing a greater volume of the SDS solution appear milky, owing to the 

spontaneous formation of multilamellar catanionic vesicles [Andreozzi, 2010].The systems 

remained turbid also in the presence of the PQ-67 polymers; after heating treatment above 323K 

(50°C) they turned clear, as per simple SDS/CTAB vesicular solutions owing to the thermally 

induced transition to unilamellar aggregates [Andreozzi, 2010]. This confirms the presence of 

intact vesicles with conserved main behavioural features. At room temperature, the polymer-
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vesicle samples, with SDS/CTAB molar ratios (R) higher than 1.4, irrespectively of any thermal 

treatment, showed resistance to flow as the vial was turned upside down. All the systems 

investigated were stable, thanks to an excess of positive charge. Indeed, the 1% wt PQ-67 

solution corresponds to 7.1·10-3 molkg-1 positive charges concentration, being the polymer 

nitrogen content 1% wt [Dow, 2013] and the nitrogen atoms exclusively localized in 

tetraalkylammonium groups, while the total, anionic and cationic, surfactant concentration is 6 

mM. The electrostatic interaction plays a primary role, as the vesicles’ surface charge is opposite 

to the polymers’ one. SDS/CTAB molar ratios (R) in the range 1.4-2.8 were employed. 

6.3.1 Rheological Characterization 

Stress sweep tests revealed that, for the vesicular studied systems with R = 2.2, the linear 

viscoelastic range (i.e. the stress range where G’ and G’’ are independent on the applied stress ) 

holds for stresses quite above than the adopted for the frequency sweep tests ( = 2 Pa) (see fig. 

2a). In particular, Table 2 reports the width of the linear viscoelastic range in terms of the critical 

stress value c: G’ and G’’ depend on the applied stress, at >c. As c progressively increases 

passing from the SL-5 to SL-100 systems, it can be argued that the substitution grade is able to 

modify the system three-dimensional architecture, enhancing the system strength. 

This behaviour is also confirmed by Fig. 2b showing the frequency sweep test, referred to the 

studied systems. In the SL-5 case, despite the predominance of G’ on G’’ in the entire pulsation 

range considered, the G’ and G’’ dependence on the pulsation  evidences that SL-5 specimen is 

basically a viscous system, rather than a gel. 

Table 2. Limit of the viscoelastic range (expressed as critical stress value c (Pa)) referred to the systems of 

Figure R1 (vesicular molar ratio R=2.2 and different polymer hydrophobic substitution grade). c is taken as 

the stress for which for G' = 95% G'max. 

SOFTCAT SL 

POLYMER 
C (Pa) 

SL-5 35.6 

SL-30 45.2 

SL-60 72.8 

SL-100 148.7 

 

Interestingly, the increase of the hydrophobic substitution grade follows the predominance of G’ 

on G’’. Moreover, both G’ and G’’ tend to become pulsation insensitive, which is a typical gel 

characteristic. This means that the increase of the hydrophobic substitution grade promotes the 
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shift from a mainly viscous system towards a gel-like system (structured system). 
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Fig. 2. a) stress sweep tests and b) frequency sweep tests referred to vesicular hydrogels (R=2,2;  1%wt 

polymer) realised by SL-5, SL-30, SL-60, SL-100 polymer, at 303K (30°C). Close and open symbols represent, 

respectively, storage (G’) and loss (G’’) modulus. The generalized Maxwell model perfectly fits to all studied 

systems (data not shown). 

 

These considerations are also supported by fig. 3 reporting the relaxation spectra, Gi vs i (fitting 

of the generalised Maxwell model on frequency sweep data shown in fig. 2. In the relaxation 

spectra of SL-5, Gi decreases with I, as per viscous systems, while for SL-100, the Gi trend is 

almost flat, i.e, Gi are i independent, which evidences a gel-like attitude. 
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Fig. 3. Relaxation spectra of the studied systems. Gi and i are, respectively, the elastic component and the 

relaxation time of the ith generalised Maxwell model element. 
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It is interesting to emphasize that the SDS/CTAB catanionic vesicles, at only 6 mM overall 

surfactant concentration, proved to be quite successful on increasing the elastic characteristics of 

rather dilute (1% wt) solutions of cationic hydroxyethyl cellulose derivatives at various degrees 

of hydrophobic substitution (HS). 
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Fig. 4. Flow curves relative to the studied systems.  is the shear viscosity while  is the applied stress. 

 

Fig.4 clearly shows that all the systems are not Newtonian, as  depends on the applied stress. In 

particular, our systems display a shear thinning behaviour as  decreases with the applied stress  

from the so called zero shear (or stress) viscosity, identifiable by the initial plateau in the  vs  

trend. The increase of the hydrophobic substitution grade reflects in an increase of the viscosity, 

this further proving the formation of a more structured three-dimensional architecture.  

6.3.2 Vesicular hydrogel thermal transition 

The zero shear viscosity was measured in the 303K-343K (30°C-70°C) temperature range for 

samples of the four polymers, containing vesicles at various R values. The zero shear viscosity 

depends on temperature in a non-monotonic way. Typical trends are reported in fig. 5. 
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Fig. 5. Zero shear viscosity vs. temperature for heating ramps, at a constant vesicles molar ratio R=2,2. 

Empty circles: SL-5. Filled diamonds: SL-30. Filled squares: SL-60. Filled triangles: SL-100. 

 

The shape of the plots of 0 vs. increasing temperature looks the same, regardless of polymer and 

R. It displays a maximum, around 303K (30°C) or slightly above, and a minimum slightly prior 

to 323K (50°C). The 0 maximum value varies on both polymer hydrophobic substitution (HS) 

and vesicles R. 

The minimum of 0 is related to the multi-to-unilamellar transition of catanionic vesicles: the 

addition of cellulose-based polymers is able to determine a shift to higher temperatures, as found 

for the addition of -cyclodextrin. This determine an effective interaction between the external 

shell of vesicles and the polymeric chains. 

For each polymer, the maximum value of 0 increases exponentially with R. Thus, the plots of 

the logarithm of the maximum values of 0 vs. R lie approximately on straight lines with similar 

slopes (see fig. 6). Interestingly, the data can be divided, on the basis of polymer (HS), into two 

groups: the SL-60 and SL-100 systems being much more viscous than SL-5 and SL-30 systems 

(see fig. 6). 

The cooling curves of the systems did not show any break, so the transition is not reversible (data 

not shown). Then, the final viscosity at 303K (30°C) is lower than the starting system.  
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The complex behavior observed on cooling is, probably, to be attributed to kinetic effects that 

may be quite important in vesicle systems, due to the much longer lifetimes of the aggregates 

and the much slower exchange rate of the constituent surfactant molecules with the bulk, if 

compared to micelles [Michina, 2009; Milcovich, 2012]. Different dependencies of the evolution 

of the systems on the cooling rate might be the origin of the divergent cooling curves for the SL-

60 and the low HS polymer systems. The kinetic issue deserves further investigations to be fully 

characterized, also in the perspective of the formulation of reproducible and stable hydrogel 

made of biopolymers and by catanionic vesicles, which look very attractive for drug delivery 

application, owing to the large entrapped and occupied volume, at just small amounts of 

surfactants, and thus providing a water-based environment. 

Indeed, the employment of oppositely charged polyions is a successful strategy to induce the 

aggregation of colloidal particles. The cluster formed in this way arranges in three-dimensional, 

randomly cross-linked networks, with size distribution depending on the concentration of both 

polymer chains and vesicles and on their mutual- and self-interactions. Recent experimental 

evidences, gained on the case study sodium polyacrylate-unilamellar cationic liposomes 

[Cametti, 2011], support the validity of the lateral correlation adsorption model to explain the 

mechanism at the basis of this kind of mesostructure. According to this model, the correlate 

arrangement of the polyion chains on the vesicle surface, due to mutual repulsion, consequence 

of a strong counterion release, results in a short-range attractive potential between the liposome. 

[Cametti, 2011]. Polyacrylate is quite different from the here considered PQ-67, possessing 

higher flexibility and, above all, a higher charge density [Cametti, 2011]. Nevertheless, also in 

the present case, the mutual arrangement of the polymer strands on vesicle surface might not be 

random but is supposed to be responsible for the stability of mesoscopic clusters made of 

polymer-decorated vesicles. 
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Fig. 6. Semi-log plot of the 0 maximum values vs. R:SL-5 (empty squares), SL-30 (filled squares) SL-60 

(empty circles) SL-100 (filled circles). The lines were drawn to guide the eye. 

 

For each sample, in the heating ramp, the relationship of the logarithm of 0 with 1/T is linear as 

per an activated process, within the temperature range from the 0 maximum to the 0 minimum, 

at about 323K (50°C). The viscosity rise observed with increasing vesicle R values, and related 

lower positive charge excesses, might be due to the presence of larger polymer-vesicle clusters. A 

tunable adsorption of single polyionic strands by the vesicle surface charge density was 

described at the mascrosopic detail by modelling carried out through Monte Carlo calculations 

[Dias, 2005]. In any case an increase of R promotes the adsorption of the polycation [Dias, 

2005]. In the framework of the transient network model, the effect of stronger electrostatic 

interactions on viscosity may be explained by lifetime prolongation of the junctions of the 

polymeric network, according to results of mechanical spectra of analogous systems, where, 

instead, the polymer/vesicles charge ratio was modulated by changing polymer or vesicle 

concentration and polymer charge density [Antunes, 2004; Antunes, 2009]. The difference 

between the Log(0) values of the systems with the high HS, SL-60 and SL-100, and the low HS 

polymers, SL-5 and SL-30, is remarkable and almost constant (fig. 6), corresponding to a high 

and constant ratio between the 0 values, and suggests an important, approximately equal 

contribution in terms of network strengthening, by the dodecyl residues, for SL-60 and SL-100. 

The alkyl chains may take part to the vesicles bilayer, leading to an increase of the number of 

junctions, as enlightened by the mechanical spectra of the, similar systems previously 

investigated [Antunes, 2004; Antunes, 2009]. The small difference between the two higher HS 
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polymers may be due either to a close HS degree, as for SL-60 is not explicitly reported, or to a 

saturation of the binding sites by the SL-60 alkyl chains. 
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Fig. 7. Semi-log plot of zero shear viscosity vs. 1000/T for samples with R=2 vesicles and SL-5 (empty 

squares), SL-30 (filled squares), SL-60 (empty circles), SL-100 (filled circles). The lines correspond to linear 

best fits to experimental data. 
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Fig. 8. Plot of Ea from the Arrhenius fits of the data in the first range of the heating ramp vs. vesicles’ R 

values for: SL-5 (empty squares), SL-30 (filled squares), SL-60 (empty circles), SL-100 (filled circles) systems. 

The straight lines are the linear fits to the data, considering together the data of the lower HS polymers and of 

the two higher HS polymers, respectively. 

 

In this temperature range, the activation energies, Ea, returned, by Arrhenius fits (see eq.(3)), a 

linear increase with R. Values are close for the SL-60 and SL-100 samples and higher than the 

SL-5 and SL-30 ones, in a whole range from 40 to 160 kJ/mol. A further linear trend can be 

envisaged from some degrees after the minimum upwards, but with a smaller slope, which 

indicates a lower activation energy. 

After the first temperature ramp, most significant samples were tested also in cooling, so 0 was 

measured from 343K to 303K (70°C to 30°C). This attitude perfectly agrees with previous 
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studies on simple vesicles [Andreozzi P., Funari S. S., La Mesa C., Mariani P., Ortore M. G., Sinibaldi R., Spinozzi F., J. Phys. 

Chem. B, 2010, 114, 8056-8060]: despite the addition of polymer, the vesicle structure keeps its main 

characteristic, and the thermal transition is related to an irreversible transition from multi to 

unilamellar vesicles, in a polymeric network. 

Moreover, the smallest Ea values are on the order of 40-50 kJmol-1, i.e. on the order of those 

commonly observed in polysaccharides’ solutions [Beheshti, 2010], remarkably higher than the 

Ea for pure water, which is about 16 kJmol-1 [Lide, 1995]. The approximately linear increase of 

Ea versus R (fig. 8) agrees with the increase of junctions life-times, due to stronger electrostatic 

interactions, considering that the junctions’ break is an activated process [Tirtaatmadja, 1999]. 

The Ea values are higher for the more hydrophobically substituted polymers, reaching values up 

to 154 kJmol-1. This maximum value is on the order of those reported for HS polymer networks 

held together by large self-assemblies, such as non-ionic surfactant bilayer structures 

[Tirtaatmadja, 1999] and SDS hydrates at low temperature [Beheshti, 2010], both capable to give 

gels. The Ea difference between the low and high HS polymers, although caused mainly by HS, 

displays some dependence on R, varying from about 30 for R= 1.5 to 43 kJmol-1 for R= 2.8 

(extrapolated values from the linear fits of fig. 8), indicating a synergy between electrostatic and 

hydrophobic interactions. 

By increasing temperature, the 0 trends show either an abrupt drop, in the case of viscous 

solutions (fig. 9), or, for gels, a minimum, followed by a non-monotonic trend in the subsequent 

narrow temperature range (fig. 7).  
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Fig.9. Semi-log plot of 0 vs. inverse temperature for the sample SL-60 R= 2.2 vesicles. The lines are 

Arrhenius fits. 
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These phenomena, occurring at about 323K (50°C), transition temperature from multilamellar 

vesicles to unilamellar ones [Andreozzi, 2010], demonstrate that the mechanical properties of the 

material are affected by the state of the surfactant self-assemblies. Nevertheless, the viscosity 

decrease is remarkable. 

6.3.3 TEM Images 

TEM micrographs were taken from two SL-60 R= 2.2 gel samples kept at room temperature. 

One of the samples had been heated up to 343K (70°C) to induce the vesicle transitions and the 

images were recorded a few days after the treatment, in order to obtain a stable system. 

 

 

a) b) 

 
Fig. 10. TEM images of room temperature SL-60 R=2.2 gel samples, prior (a) and after (b) thermal transition. 

Bar 1000 nm. 

 

Due to the type of contrast agent, TEM images (fig. 10) show only negatively charged objects, 

confirming the integrity of vesicles in both samples.  In the unheated gel sample, vesicles appear 

polydisperses and dark, as they are multilamellar. In the heated sample, vesicular aggregates are 

almost mono-disperse, lighter, larger, due to the lack of lamellarity. The decrease of 

polydispersity perfectly agrees with vesicles behaviour in solution (i.e. without the 

polyelectrolyte) [Andreozzi, 2010].Their noteworthy, polygonal contours point to vesicle 

faceting, an interesting phenomenon already enlightened in catanionic vesicles polyelectrolyte 

systems [Regev, 1999; Antunes, 2007]. Moreover, the interaction of oppositely charged 

polyelectrolyte and catanionic aggregates are able to tune vesicles shape from spherical to 

polyhedral [Regev, 1999; Antunes, 2004; Antunes, 2007; Antunes, 2009]. Interestingly, the TEM 

images (fig. 10) show polygonal contours, corresponding to irregular polyhedral vesicular 

shapes, both for pristine multilamellar aggregates and for unilamellar vesicles, after thermal 

transition. Currently, polyhedral nanoreservoirs and aggregates with tunable charge densities at a 
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nanoscale level are considered with great interest by nanotechnologists in a perspective of a 

broad range of innovative applications [Leung, 2012]. Faceted vesicles can be found in systems 

of a single component, below melting temperature, owing to the geometric inhibition to arrange a 

crystalline lattice on a spherical surface, but they exclusively are regular icosahedra [Bowick, 

2013]. Conversely, various polyhedral shapes can form in multicomponent systems. Such 

structures can be rationalized in terms of spatially heterogeneous elastic properties of the shell 

that correspond to inhomogeneities in the components mixture [Bowick, 2013]. According to this 

model, the number of sides and the dihedral angles between them depend on the soft component 

amount, and related elastic properties, which is the most abundantly present in the disordered 

boundary regions [Bowick, 2013]. 

6.3.4 23Na NMR T2 Measurements 

The transverse relaxation rates (R2= 1/T2) of 23Na were measured for the samples of SL-60 gels 

containing vesicles with R= 1.8, 2.0, 2.2. Sample at vesicle molar ratio R=2.0 has been selected 

as the most representative (same trends was registered for the other molar ratios). Fig. 11 shows 

the trends of 23Na R2 with temperature for the sample with R= 2.0 vesicles together with those 

for the analogous vesicular system in the absence of polymer, where sodium relaxation is quite 

sensitive to the presence of the aggregates [Milcovich, 2012]. Noteworthily, the R2 of the gel 

system are closer to those of sodium in strong electrolyte solution, which may be considered as a 

sample containing only free sodium. This indicates that, by interacting with the polycation, 

vesicles release 23Na ions already at room temperature. In absence of the polymer, the 23Na ions 

release occurs at a temperature close to the thermal transition [Milcovich, 2012]. Furthermore, 

the small increment of R2 compared with plain water solution, almost independent of 

temperature, indicates that the sodium cation experience an environment close to bulk water. 

This confirms an effective interaction between the polymer and vesicular aggregates: for normal 

vesicles higher 23Na R2 values were reported [Milcovich, 2012], which means that sodium 

cations are effectively involved in vesicles dynamic transition. Viceversa, due to the interaction 

of anionic vesicles with a positively charged polymer, sodium is dissociated both before and after 

the thermal transition. Cationic polymer SL-60 is supposed to be quite attractive in terms of both 

electrostatic and hydrophobic forces, able to replace sodium in the dynamic  

Thus, cationic polymer chains are strongly connected to anionic vesicles, generating a 3-

dimentional network, where dissociated sodium ions ‘swim’ freely in an aqueous medium. 
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Fig. 11. 23Na transverse relaxation rates vs. temperature for NaI 0.1 M (solid line), R= 2 vesicles (empty 

triangles), R= 2 vesicles two weeks after thermal treatment (filled triangles), SL-60 R= 2 vesicular gel (empty 

circles), SL-60 R= 2 vesicular gel two weeks after thermal treatment (crosses). 

 

 

6.3.5 1H NMR Spectra 

Vesicles behaviour in the SL-60 polymer based gel was investigated at the molecular level by 

means of 1H NMR. As usual, in the case of hydroxyethylcellulose, the signals of the 

polyoxyethylene groups are clearly detectable and strong [Antalek, 2007], as well as those of the 

methyls of the trimethylammonium group, at 3.240 ppm, due to the high motility of the relevant 

residues, while those of the rigid sugar skeleton are too broad to be detected in high resolution 1H 

NMR. In addition very weak signals, relevant to the dodecyl chain and its terminal methyl group 

appear at 1.280 and 0.878 ppm, respectively. 
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Fig. 12. 1H NMR spectra of samples: R= 2.2 vesicles (a), SL-60 R=2.2 gel (b), the same as (b) after heating to 

60°C (c), acquired at 37 °C in the presence of theophylline, which resonances are marked by T in spectrum a). 

 

The 1H NMR spectrum of the R= 2.2 SDS/CTAB catanionic vesicle solution (fig. 12 a) shows, 

beside those of theophylline, the signals of dodecylsulfate (DS-) not embedded in vesicles, as 

signals of surfactant molecules involved in to the bilayers are too severely broadened by dipolar 

coupling to be detected in high resolution NMR spectra. It is worth mentioning that the 

composition of the vesicular aggregates is different from the overall solution [Michina, 2010; 
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Milcovich, 2012], and for systems prepared with R > 1 ratios, there is some free DS-, which 

amount increases with R. On spectrum (a) [Evertsson, 1998] the DS- methylene and methyl 

groups assignment is reported, by the corresponding carbon numbering, next to the chemical 

shift values in ppm. The spectrum b) of fig. 12 was recorded from the gel obtained by addition of 

SL-60 to the exact same vesicular solution of spectrum (a). The polymer addition has a double 

effect on the DS- NMR signals: first of all, on their integrated intensity that decreases compared 

with theophylline vinyl proton, the one resonating at the high frequency end of the spectrum, and 

furthermore on their position. In detail: C(1)H2 protons are shifted by -0.040 ppm, C(2)H2 by -

0.040 ppm and the terminal methyl by +0.023 ppm. i.e. in the direction observed upon 

aggregation. Interestingly, the negative sign of the C(2)H2 shift suggests surfactant-polymer 

aggregation rather than a mere SDS micellization [Bernazzani, 2004]. In spite of swelling lipid-

based aggregates, the aggregate composition of catanionic systems made of water soluble 

surfactants, at variance with aggregates of swelling lipids differs from the overall composition, 

usually being closer to equimolarity [Michina, 2010], and it is temperature dependent 

[Milcovich, 2012]. In the SDS/CTAB systems with R> 1, the NMR spectra revealed the presence 

of dodecylsulfate (DS-) in the bulk [Milcovich, 2012]. The free DS- concentration increases with 

R. Thus in the absence of polymer, the  potential becomes more negative upon increasing R, 

although following an asymptotical trend [Andreozzi, 2010], also due to a certain degree of 

counterion association [Milcovich, 2012]. Thus the observed approximately linear dependence of 

the log.0 vs. R is due to several cooperating effects. They include the presence of “non 

vesicular” SDS, which is known to increase the viscosity of polymer solutions, e.g. for cationic 

hydroxyethylcellulose without hydrophobical modification as well [Leung, 1991; Zhou, 2004]. 

Further aiding phenomena, triggered by the PQ-67 adsorption onto vesicles, concerns the release 

of monoatomic Na+ ions, and the dodecylsulfate ‘grabbing’ by aggregates, as suggested by 1H 

NMR, both of them increasing the negative surface charge of the aggregates. The absorption of 

the polycation is not only responsible for networking, but it is also supposed to cause a larger 

size of unilamellar vesicles in hydrogels than in simple aqueous solution, reducing the positive 

curvature of the surfactant film [Antunes, 2004]. 

 

6.3.6 PGSTE NMR Self-Diffusion Measurements 

PGSTE NMR experiments were carried out in order to get further information about the 
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interaction polymer-free DS-,  and about the gel structure through a small probe molecule, 

namely theophylline. 
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Fig. 13. Normalized echo decay of SDS alkyl chain envelope for: R= 2.2 vesicles solution (filled diamond) with 

the linear fit (solid line), SL-60 R= 2.2 gel (empty circles), SL-60 R= 2.2 on cooling after thermal transition 

(filled triangles) = 60 ms, 303K (37°C).  

 

In vesicular solutions bulk DS- is in very slow exchange with vesicular DS-, so that it diffuses 

freely with D= 5.92·10-10 m2s-1, from the exponential fit of the echo decay. Conversely, in the 

presence of polymer the echo decay is slower, according to the formation of small polymer-SDS 

mixed aggregates. In particular for the gel sample after the thermal treatment, the echo 

dependence on b deviates from an exponential decay, remaining constant at the highest b values 

sampled (fig. 13).  No other decays were detected by prolonging the diffusion interval to a few 

seconds, as a fraction of SDS was entrapped by the unilamellar vesicles, which occupy a fair 

volume fraction (fig. 10). 

The polymer signals do not decay appreciably, even at the longest diffusion times and most 

intense gradient, both for vesicular gel and 1% polymer aqueous solution, being its diffusion too 

slow to give an effect, due to the limited strength of employed gradients. 
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Table 3. PGSTE NMR Self-diffusion coefficients of SDS alkyl chain signals at around 1.28ppm. 

 

 

 

 

 

 

 

 

 

 

Mixtures of two surfactants are well suited for the preparation of such useful nanostructures. In 

the case of ionic surfactant mixtures the electrostatic interaction plays an outstanding role and it 

can be efforted to tailor the morphology of the resulting self-assemblies, as reported for a system 

based on amphiphiles with pH sensitive head-groups [Leung, 2012]. Notably, the interaction of a 

catanionic vesicles with an oppositely charged polyelectrolyte, namely cationic 

hydroxyethylcelluloses (JR400, LM200), was demonstrated to be a successful approach for 

polyhedral vesicles [Regev, 1999; Antunes, 2007; Antunes, 2009]. The effect is related to the 

polyelectrolyte charge density: uncharged hydroxyethylcellulose is completely ineffective 

[Thuresson, 1996], while LM200, which has a charge to charge contour length of 10 nm 

[Thuresson, 1996], induce faceting of SDS/didodecyldimethylammonium bromide vesicles 

owing to a polymer-induced crystallization of the surfactant alkyl. JM400, which possesses a five 

times lower charge to charge contour length [Thuresson, 1996], leads to faceting even at 

temperature higher than the one of surfactants’ alkyl chain melting. This effect was attributed to 

polymer-induced charge polarization of the membrane and, thus, to in-plane segregation of the 

two vesicle components [Antunes, 2007; Antunes, 2009]. In the present case of SDS/CTAB 

catanionic vesicles, elastic inhomogeneities and electrostatic interactions should act 

sinergetically leading to vesicle faceting. Indeed, the two surfactant have different alkyl chains: 

the excess amphiphile, DS-, with the shorter tail, can be identified as the soft component. 

Moreover, the components may segregate also due to the electrostatic interaction with the 

polyelectrolyte. Considering the above reported feature, this system is suited for investigations 

aimed to better understand the phenomenon of vesicle faceting and tailoring of polyhedral 

vesicular shapes. 

Sample D [10-10 m2s] 

R=2 vesicles 5.9 

SL-60 R=2 gel 2.2 

SL-60 R=2 gel2T 1.6 
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Fig. 14. Schematic representation of the vesicular gel nanostructure, as per our characterization. Polyhedral 

catanionic vesicles induce cellulose-based polymer crosslink. Water permeates the whole structure. 

 

6.4 CONCLUSION 

The association of negatively charged SDS/CTAB catanionic vesicles and commercial 

hydrophobically modified hydroxycelluloses, in the presence of a positive charge excess, proved 

to be a very successful method for the preparation of stable hydrogels, containing very high 

water amounts, about 98.8 %, where vesicles act as long-lived, multifunctional junctions 

[Lee2005]. 

The mechanical properties of the material depend on the balance of electrostatic and 

hydrophobic interactions, both tunable: electrostatic forces can be modulated by the surface 

charge of vesicle through the SDS/CTAB molar ratio (R), and the latter by the hydrophobic 

substitution on the polymer. The dependence of zero shear viscosity on R confirmed that the 

higher electrostatic interaction [Antunes, 2004; Antunes, 2009], leads to longer lived cross links. 

The vesicle-polymer interaction is remarkably strengthened by the presence, on the polymer 

backbone, of the hydrophobic grafts  which can interact with the vesicle bilayer. 

The series of Softcat SL polymers, here considered, which has high molecular weight and an 

intermediate charge density compared with LM200 and JR400 polymers employed in previous 

studies [Regev, 1999; Antunes, 2004; Antunes, 2007; Antunes, 2009], resulted suitable for the 

preparation of very diluted gel-like systems by the association of oppositely charged vesicles and 
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polyelectrolytes. Interestingly, the vesicles do not look to be strongly perturbed by the presence 

of the polycations: they remain integer and maintain the thermal behaviour observed in solution. 

Nevertheless, they are affected by polymer addition. In fact, they exhibit release of sodium 

counterions, a decreased amount of free dodecylsufate in the bulk, larger size as unilamellar 

aggregates, polyhedral shape and electrostatic interactions, which favour gelation, probably 

originated by a non random adsorption of polycations on the surface of oppositely charged 

vesicles [Cametti, 2011]. 

This strategy looks promising in the preparation of stimuli responsive materials by using 

appropriate amphiphilic molecules, e.g. pH or light sensitive. Thus, vesicularly cross-linked 

hydrogels can find a wide variety of applications, beside the most straightforward in biomedicine 

as drug delivery systems, being able to offer different environments to guest molecules, 

comprising bulk water, vesicles’ interior and bilayers, sites on polymeric chains, and thus suited 

for the multidrug delivery. 
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CHAPTER 7 

Vesicles-driven systems for viscosupplementation 

 
7.1 INTRODUCTION 

Mixing a polyelectrolyte (i.e. a ionic charged polymer) with oppositely charged vesicles leads to 

a wide variety of associations, which depend on vesicle composition, size, concentration and 

charge, together with polymer flexibility, charge density and chain substitution.  

Currently, biopolymers and their derivatives are on stage as they are biocompatible, eco-friendly 

and biodegradable.  Different types of cationic hydroxyethylcelluloses have been employed, 

considering they are highly biocompatible, cheap, possess antimicrobial activity, and therefore, 

widely used in personal care products, such as solutions for contact lenses and hair-care 

formulations [Ballarin, 2011].  

These peculiar systems provide a non-denaturing environment for novel drugs based on 

polypeptides and polynucleotides, due to their very high water content [Vermonden, 2012].  

Polymeric hydrogels based on non-covalent interactions, compared to chemical-crosslinked 

ones, are characterized by the absence of harmful, secondary products of the cross-linking 

reaction and by reversibility, thus these materials can be promptly responsive to external stimuli. 

These features look interesting in the perspective of biomedical use. Highly diluted polymeric 

hydrogels can be achieved thanks to several non-covalent cross-linking methods: both 

electrostatic and hydrophobic interaction cooperate within these systems and their role is due to 

the specific chemical substances involved. 

Considering that a successful molecular/nanoscale investigation into composite hydrogels, with 

catanionic vesicles and hydrophobically modified cellulose was performed (see chapter 6) and 

demonstrated a high stability, an optimization of the mentioned hydrogels was assessed. 

7.1.1 Cellulose 

Cellulose is a natural polysaccharide produced by plants, algae and bacteria [Saxena, 2005]. It 

consists of a linear chain of D-glucose units [Cannon, 1991].  
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Fig. 1. Representative structure of native cellulose. 

 

Since a long time, cellulose has been employed as a biomedical material in applications such as 

dialysis and wound care [Miyamoto, 1989; Walker, 2003].  

By altering the physical and chemical properties of cellulose, it can become biocompatible and 

even absorbed in vivo [Miyamoto, 1989].  

Several research groups investigated cellulose applications for biomaterial engineering 

replacement of both hard and soft tissues, as blood vessels [Wippermann, 2009; Backdahl, 2006; 

Fink, 2010; Klemm, 2001], bone [Zaborowska, 2010], cartilage [Azuma, 2007; Bodin, 2007] and 

dura mater [Mello, 1997]. 

Cellulose has been on stage of scientific investigation for over 150 years and interest in 

cellulosic materials is still growing. Thanks to an increasing importance of renewable and 

environment-friendly materials, cellulose research is the core of large and important worldwide 

industrial companies [Klemm, 2005].  

Cellulose is the most abundant polymer on earth, as well as one of the most important structural 

material in nature [Wertz, 2010]: 1.5×1012 tons of natural biomass are produced every year. 

As the areas of tissue engineering and regenerative medicine continue to grow, however, 

increasing attention is being drawn to cellulose as a possible material for use in regenerative 

therapies. The properties and structure of cellulosic materials, as applicable to this area, depends 

greatly on the source of the cellulose and the processing methods employed. 

7.1.2 Cellulose for wound treatments 

The application of dressings to wounds and external tissue trauma is an established practice. 

[Walker, 2003]. 

However, clinical practice has recently moved from the use of simple protective gauze-type 

dressings to more sophisticated products, able to actively optimize the wound healing 

environment. There are complex and fine processes that occur during wound healing: for 

example, in patients with diabetes or compromised immune systems, these processes can become 
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perturbed or unbalanced resulting in the formation of ulcers (chronic wounds) or inferior healing 

[Singer, 1999]. 

Several cellulose-based materials have been developed to optimize wound healing conditions or 

to specifically address particular problems in abnormal wound healing.  

For instance, fibrous carboxymethylcellulose dressings exhibited a cooperative activity in wound 

healing regulation, by absorbing very large quantities of wound exudate, while maintaining a 

moist healing environment and preventing maceration [Walker, 2003]. 

Another interesting property of these fibrous hydrogel dressings involves the ability to 

immobilize pathogenic bacteria from infected wounds within the swollen gel matrix, thereby 

avoiding redispersal of the bacteria upon removal of the dressing [Walker, 2003]. 

7.1.3 Tissue engineering 

Several characteristics of tissue engineering scaffolds may affect their performance. It has been 

suggested that scaffolds must be three-dimensional, porous (with interconnected pores), 

bioresorbable and biocompatible. They must also possess mechanical properties that match those 

of native tissue and degradation properties that match the rate of synthesis of new extracellular 

matrix [Hutmacher, 2000]. 

Several modifications on cellulose are under extensive scientific research: many type of cells 

have been used to test these novel celluloses in terms of biocompatibility and bioactivity 

[Mikulikova, 2008]. Regenerated cellulose (i.e., purified cellulose in which short fibers coming 

from trees are chemically converted into the long fine fibers used in textiles and non-wovens) 

has been used for constructing three-dimensional tissue with capillaries [Ko, 2001] and, together 

with cellulose acetate, also for cardiac tissue engineering [Entcheva, 2004]. 

Novotna et. al. proposed cellulose-based hydrogels to develop bioartificial vascular prostheses, 

as modified cellulose demonstrated the ability to stop an excessive cell growth activity, thus  

reducing vascular stenosis [Novotna, 2013]. 

7.1.4 Viscosupplementation 

Joint performances are closely connected with the viscoelastic properties of synovial fluid, which 

determines the load transmission and distribution, allowing the lubrication and protection of joint 

cartilage and soft surfaces. In normal conditions, the synovial fluid is highly viscous and this 

permits both lubrication and the attenuation of mechanical shock. The synovial fluid is a non-

Newtonian fluid and viscoelastic, thus its viscosity does not present a constant value; this 
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magnitude depends on the load affecting the joint and on the time of stress acting on it. In 

particular, with increasing strain rate viscosity decreases. 
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Fig. 2. Mechanical spectra of synovial fluid in young, old and osteoarthritic joints [Borzacchiello, 2003]. 

 

The viscosupplementation is a therapeutic technique used in the osteoarthritis treatment, where 

the synovial fluid, the natural lubricant of the ligaments, is replaced by viscoelastic solutions 

derived from hyaluronic acid with rheological properties better than the starting material.  

This treatment is expensive as hyaluronic acid is the main component.  

The research of other polysaccharides for the application on viscosupplementation, enhances the 

possibility of hyaluronic acid substitution with other more abundant biomaterials.  

Cellulose-based hydrogels have been proposed as cheap substitutes for cartilage regeneration 

[Leone, 2008] and gelating matrix for implant osteointegration [Lopa, 2011]. 

Injectable hydrogels based on cellulosic materials exhibit a successful outcome as chondrocytes 

carriers for cartilage regeneration, both in vitro and in vivo [Vinatier, 2009]. 

Thus, bearing in mind that cellulose in the human organism behaves as a very slowly degradable 

material, it is able to ensure a long-term in situ duration. 
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7.2 EXPERIMENTAL 

7.2.1 Materials 

High-purity surfactants sodium dodecylsulfate (SDS) and cetyltrimethylammonium bromide 

were purchased from Aldrich and used as received. The polymers were supplied by Amerchol 

Corporation, subsidiary of Dow Chemical Company, Greensburg, LA.  

Their trade name is SoftCATTM, and they pertain to the INCI (International Nomenclature of 

Cosmetic Ingredient) [http://ec.europa.eu/consumers/sectors/cosmetics/acronyms/index_en.htm] 

series Polyquaternium-67 (PQ-67).  

They are chloride salts of N,N,N-trimethylammonium derivatives of hydroxyethylcellulose with 

molecular weights in the range 200000-800000 g mol-1, bearing some 

dodecyltrimethylammonium residues as hydrophobic substituents [Huisinga, 2008]. 

 

Fig. 3. Structure of PQ-67 polymers. 

The information provided by the manufacturer, relevant to viscosity and nitrogen content [Dow], 

are reported in table 1: 

 

Table 1. Properties of the employed Polyquaternium-67[Dow] 

SoftCAT polymer Charge density Viscosity (1% aqueous 

solution, mPa·s) 

HS 

SL-5 1 2600 5 

SK-L 1.05 2800 5 

SL-30 1 2600 30 

SK-MH 1.25 2600 30 

* the hydrophobic substitution (HS) is the average number of moles of hydrophobic residues for anhydroglucose 

repeat unit  
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Polyquaternium-67 (PQ-67) are the structural analogues hydrophobically substituted of 

Polyquaternium-10 (PQ-10), with identical hydrophobic substitution, in pairs, and different 

charge density. 

7.2.2 Sample Preparation 

Both SDS and CTAB 6 mM solutions were prepared, employing distilled water. The catanionic 

vesicles, at 6 mM total surfactant concentration (assuming negligible partial volume changes), 

were obtained simply by mixing volumes of the SDS and CTAB solution in the ratio due to the 

desired SDS/CTAB molar ratio (R). 

Although different R were considered, most of the characterisations were performed on R = 2.2 

systems as this value, thanks to previous experiments, ensures an appropriate hydrodynamic 

radius for drug delivery [Prabha, 2002].  

When mixed, the system turned milky, evidencing the formation of multilamellar catanionic 

vesicles, which are good visible light scatterers [Andreozzi, 2010]. 

The gels were prepared by adding the polymer to the vesicles solution to get a polymer 

concentration of 1% wt. The mixtures were homogenized by stirring and then left to equilibrate 

for at least 1 week. In order to remove the presence of air bubbles, the systems were 

subsequently centrifuged at 4000 rpm for 5 minutes. The various samples will be referred to by 

the SL grade of the polymer (see Table 1) and the surfactants ratio, R, in the vesicles, e.g., SL-5 

R=2.2 being both polymer and total surfactant concentration constant. 

7.2.3 Rheology 

Rheological measurements were performed by using a Haake Rheo Stress 150 rheometer 

equipped with an automatic gap setting. Cone-plate geometry was employed and, to minimize 

evaporation, a solvent trap system was used. The temperature was controlled by a water bath.  

The gap was fixed equal to 1 mm. The rheological tests were performed under oscillatory and 

steady shear conditions (flow curves). In particular, the linear viscoelastic regions were assessed, 

at 1 Hz, through stress sweep experiments. Frequency sweep tests were carried out in the 

frequency (f) range 0.01–10 Hz at constant stress =2 Pa (well within the linear viscoelastic 

range for all studied systems). Stress sweep tests have been performed in the stress range () 1-

1000 Pa, at constant frequency f=1 Hz. 

The generalized Maxwell model [Lapasin, 1995] was used for the theoretical dependence of the 

elastic (G’) and viscous (G’’) moduli on pulsation =2f, f being the solicitation frequency: 
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where n is the number of the Maxwell elements considered, Gi,i and i represent, respectively, 

the spring constant, the dashpot viscosity and the relaxation time of the ith Maxwell element 

[Lapasin, 1995]. The simultaneous fitting of eq. (1) and (2) to experimental G’ and G’’ data was 

performed assuming that relaxation times (i) were scaled by a factor of 10 [Lapasin, 1995] 

.Hence, the parameters of the model were 1 + n (i.e. 1, plus Gi). Based on a statistical procedure, 

[Draper, 1966] n was selected in order to minimize the product 2*(1 + n), where 2 is the sum of 

the squared errors. The sample elastic modulus can be computed as the sum of all the elastic 

contributions of the elements of the generalised Maxwell model [Pasut, 2008]. 

Flow curves were determined by stress-driven shear experiments in the shear stress range () 1-

1000 Pa. In addition, the zero shear viscosity (0) was measured as a function of temperature in 

the range 303-343K (30-70°C) in order to evaluate the activation energies, Ea, according to the 

Arrhenius model [Beheshti, 2010]: 

 

 

           (3) 

        

7.2.4 Dynamic Light Scattering (DLS) 

The mean particle diameter of the aggregates and poly dispersity index were determined by 

dynamic light scattering (photon correlation spectroscopy, PCS) using a Malvern Zetasizer. Data 

were collected at 90° scattering angle. The time-averaged autocorrelation functions were 

transformed into intensity-weighted distributions of the apparent hydrodynamic diameter using 

the available Malvern software. The average values of size were calculated with the data 

obtained from three measurements ± SD. 
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7.2.5 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were performed on a Perkin-Elmer Pyris, 

Differential Scanning Calorimeter. The DSC traces were obtained on heating the samples at 

10K/min (10°C/min) from 298K to 353K (25°C to 80°C). Cooling curves was obtained applying 

the same procedure. 

7.2.6 Confocal microscopy 

The integrity of catanionic vesicles in the polymeric network has been determined using acridine 

orange (AO) as fluorescent probe. Samples were stained for 10 minutes with AO (0.3mg/ml) and 

covered from sunlight. Immediately after, samples were examined using an Olympus microscope 

equipped with BX51M a mercury UV-lamp (1000W Ushio Olympus) with a set of filters of the 

type MNIBA3 (470 nm excitation and 505 nm dichromatic mirror). 

Subsequently, images were digitized through a video camera (Olympus DP70 digital camera) 

and analyzed with a raw image (Olympus DP Controller 2.1.1.176, Olympus DP Manager 

2.1.1.158). All observations were made at 298K (25ºC). 

7.2.7 Cryo-SEM 

The size and morphology of the vesicles in the cellulose network were observed using a Phenom 

G2 ProX scanning electron microscope (Phenom-World, FEI, Netherlands). Samples were 

instantly cooled to 253K (-20°C), then inserted in the analysis chamber. Finally, the specimens 

were coated with gold and examined by SEM. 

 

7.3 RESULTS AND DISCUSSION 

In order to optimize vesicles-polymer hydrogels, further insights concerning the structure, the 

effect of polymer concentration and the thermal transition were necessary. 

7.3.1 Charge density effect 

First of all, it has been observed that the SDS/CTAB catanionic vesicles, at only 6 mM overall 

surfactant concentration, proved to be quite successful on increasing the elastic characteristics of 

rather dilute (1% wt) solutions of cationic hydroxyethyl cellulose derivatives. 

The zero shear viscosity was measured in the 303K-343K (30°C-70°C) temperature range for 

samples of the four polymers, containing vesicles at various R values. The zero shear viscosity 

depends on temperature in a non-monotonic way. Typical trends are reported in fig. 4. 
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Fig. 4. Zero shear viscosity vs. temperature for heating ramps, at a constant vesicles molar ratio R=2.2. 

(Left) Filled squares: SK-L. Stars: SL-5. (Right) Filled circles: SK-MH. Empty triangles: SL-30. 

 

Considering that SL-5/SK-L polymers shows similar trend for what concerns the temperature 

dependence of the zero shear viscosity (fig. 4), it has been decided to mainly focus on SL-30 and 

SK-MH systems. Moreover, the mentioned polymers possess the highest charge density 

difference (see tab. 1) and the highest hydrophobic substitution. In previous analysis (see chapter 

6) it has been observed that mixing SL-5 polymer together with vesicles lead to an incipient 

weak hydrogel. 

Arrhenius model (eq. (3)) fitting to zero shear viscosity data revealed that the activation energy 

shows the following behaviour: 

- at lower HS level, the charge density variation is able to determine remarkable 

differences in Ea before the thermal transition while, after the transition, smaller Ea 

difference appears. (see fig. 5); 

- conversely, at higher HS level, SL-30 and SK-MH comparison leads to almost negligible 

Ea differences before the transition, while remarkably high values are related to the 

system containing the polymer with the highest HS, but lowest charge density (fig. 6). 

Considering that the final purpose concerns the formulation of a system with the most promising 

performances for biomedical application (i.e. viscosupplementation), it is important to remind 

that the system must hold a high stability, high viscosity, as well as ability to resist to mechanic 
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Fig. 5. Comparison of activation energies before (pre) and after (post) transition in SL-5 (left) and SK-L 

systems. Samples contained R=2.2 vesicles. Ea values are reported in [kJ/mol]. 
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Fig. 6. Comparison of activation energies before (pre) and after (post) transition in SL-30 (left) and SK-MH 

hydrogels. Samples contained R=2.2 vesicles. Ea values are reported in [kJ/mol]. 

 

Further rheological investigations have been performed to characterize the system. As found in 

chapter 6, SDS/CTAB catanionic vesicles, at only 6 mM overall surfactant concentration, proved 

to be quite successful on increasing the elastic characteristics of rather dilute (1% wt) solutions 

of cationic hydroxyethyl cellulose derivatives at various degrees of charge density. 

As it is possible to observe in fig. 7, a system made up of 1%wt polymer dissolved in water 

behaves as a solution (G’’ > G’) while, with vesicles addition (only 6mM!), the system turns to 

an almost gel-like system, characterised by a dramatic increase in both viscous (G’’) and elastic 

(G’) moduli with a clear prevalence of G’ over G’’. The final system has been considered an 

almost weak hydrogel, as the ratio between G’ and G’’ is of 1:3 order, while true hydrogels (see 

chapter 5) are usually characterized by a 1:10 ratio and an insensitivity of G’, G’’ on pulsation . 
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Fig. 8 (left), showing the stress sweep results, evidences that the linear viscoelastic field holds up 

to, approximately 30 Pa, i.e. above the constant stress value set for frequency sweep tests (=2 

Pa). Frequency sweep tests (fig. 8) evidence that G’ modulus prevails on G’’ one, for the SK-MH 

and SL-30 samples, when vesicles are added. Furthermore, fig. 8 (right), reporting the flow 

curves related to the different considered specimens, emphasizes that, except for vesicles, all the 

systems shows a not Newtonian behaviour, as  depends on the applied stress (). Moreover, it is 

evident the huge effect of vesicles addition on system flow properties, as  increases of about 3 

orders of magnitude (compare the grey and white squares (vesicles absence) with the red squares 

and green triangles (vesicles presence)). Thus, vesicles addition leads to a considerable 

“viscosupplementation” effect. 
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Fig. 7. Frequency sweep tests for 1% polymer dissolved in water (left), and system made up of 1% polymer 

and 6mM vesicles (G' elastic modulus, G’’ viscous modulus). 
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Fig. 8. Stress sweep tests for SL-30 and SK-MH systems (left) and flow curve comparison of the studied 

systems (right). 
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Additional experiments were conducted in hydrogels after the thermal transition (48h after the 

transition). Interestingly, both moduli (G', G'') increase after heating, but no qualitatively changes 

occur on system rheological properties. It is possible to determine that the thermal transition 

improves the system strength, making it suitable for biomedical application in body tissues at 

high stress, at 1% polymer concentration (e.g. synovial lubricant). Accordingly, before transition, 

the system is supposed to be more suitable for injectable purposes (i.e. vascular diseases). 
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Fig. 9. Frequency sweep tests of vesicular gels, at 1% polymer concentration , before and after the thermal 

transition, for SL-30 (left) and SK-MH (right) polymers (G' elastic modulus, G’’ viscous modulus). 

 

In order to evaluate the effect of polymer addition on vesicles size and dispersion, DLS analysis 

has been performed. The mentioned analysis were mainly employed to assess the influence of 

thermal transition on simple vesicles and vesicles in presence of a cationic polymer.  

Interestingly, in a vesicular aqueous solution, the thermal transition leads to poly-dispersion, 

while the addition of the cationic polymer tends to stabilize vesicles (mainly after the heating 

ramp). 
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Fig. 10. Size determined through DLS in simple vesicles (left) and vesicular system (right). 

 

DSC analysis confirmed the rheology results obtained previously: an effective thermal transition 

was recorded around 330K (50°C). This result perfectly agrees with the previous rheology 

estimations (328K-48°C, see tab. ), as DSC technique itself holds a delay in the registration of 

the data. It is also interesting to emphasize that both techniques do not evidence remarkable 

changes in the vesicular system after the thermal transition.  
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Fig. 11. DSC heating ramp of SL-30 (left) and SK-MH (right) vesicular gels. 
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Tab. 2. Critical transition temperature comparison for simple vesicles and vesicles in polymeric network. 

 

SAMPLE TC 

VESICLES R=2.2 317 K (44°C) [Andreozzi, 2010] 

VESICLES R=2.2+SL-30 322.51 K (49.38°C) 

VESICLES R=2.2+SK-MH 322 K (48.96°C) 

 

Fluorescence microscopy analyses have been performed, using acridine orange as a contrast 

agent, which is able to show whether DNA is double or single stranded. Then, the mentioned 

analyses evidenced that a polymer addition does not involve vesicles disruption, but it seems that 

a higher charge density leads to smaller and more concentrated vesicles. 

Confocal microscopy analysis are supposed to be matched with other techniques, as it was not 

possible to determine the presence of the polymeric network (acridine orange is positively 

charged, then it evidences anionic vesicles). Moreover, this technique allows the size 

determination, but aggregates are displayed with a hydration external shell, leading to 

mismatches. 

 

Fig. 12. Fluorescence microscopy of vesicular systems, at 1% polymer concentration, before the thermal 

transition, for SL-30 (left) and SK-MH (right) polymers. 

 

Thus, cryo-SEM has been employed in order to support the rheology and DLS analyses. 

As suggested by previous tests, cryo-SEM shows a structured 3D network of the system, where 

vesicles act as crosslinking points. Moreover, vesicles presence allows the polymer chains to 

interact together, through hydrophobic/electrostatic forces, creating new entanglement points. 
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Fig.13. Cryo-SEM images of vesicular samples with 1% SL-30 polymer (left) and SK-MH (right). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Schematic representation of the system. 

 

7.3.2 Effect of polymer concentration 

Further rheological investigations have been performed to characterize the system, and 

increasing polymer concentrations were tested. It was not possible to increase the vesicles 

concentration as otherwise multiple phases could occur. 

First of all, a rheological characterization has been performed. 
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Fig. 15. Frequency sweep of vesicular systems with fixed vesicles concentration and 3% polymer 

concentration (G' elastic modulus, G’’ viscous modulus). 
 

Increasing the polymer concentration at 3% in both hydrogels (SK-MH and SL-30) leads to a 

different attitude before and after the thermal ramp: while in a 3% SK-MH vesicular systems 

only slight changes occur, in a 3% SL-30, the thermal transition can affect the system rheological 

characteristics. These results have been confirmed also by stress sweep tests and flow curves (see 

fig. 16-17). 
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Fig. 16. Stress sweep of vesicular systems with fixed vesicles concentration and 3% polymer concentration (G' 

elastic modulus, G’’ viscous modulus). 
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Fig. 17. Flow curves of vesicular systems at 1% and 3% polymer concentration (HS indicates the hydrophobic 

substitution, while N is related to the charge density  level). 
 

In order to assess the ability of SL-30 polymer based systems to emphasize the vesicular thermal 

transition, increments of polymeric concentration from 1% to 5% have been tested.  
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Fig. 18. Stress sweep (left) and frequency sweep (right) for a vesicular sample with SL-30 polymer at 

increasing concentration. 

 

Polymer concentration increase (1%->3%->5%) leads to a stronger system even though the 

viscous component is still important. The same tests have been carried out in 1%, 3% and 5% 

aqueous polymer systems (data not shown). The presence of vesicles in a polymeric solution of 

cellulose based polymers is able to induce a shift from a solution attitude (polymer in water) to a 

gel-like situation (polymer in presence of vesicular solution). 
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As per the above mentioned results, increasing the polymer concentration can influence the 

sample attitude, when heated. In case of 1% wt polymer hydrogel, the thermal transition leads to 

stronger system properties, at both charge density levels. Nevertheless, for a 3% wt polymer 

system, rheological characteristics remains almost constant.  
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Fig. 19. Flow curves of vesicular systems at 1%,  3% and 5% polymer concentration with SL-30 polymer. 

 

7.4 CONCLUSIONS 

Several systems have been successfully characterized and optimized, using biocompatible 

materials. These are highly diluted systems, containing more than 98.8% wt water, which makes 

them extremely cheap for an industrial application and ensure a good affinity with the human 

body. 

For what concerns their characteristics, the association of catanionic vesicles, even though 

present in a very diluted concentration, and cationic modified cellulose polymers can originate 

systems of high viscosity and a considerable elastic behaviour.  

The increase in viscosity of the system can be tuned with polymer concentration: the higher the 

polymeric concentration, the strongest the system. Interestingly, the ratio between the elastic and 

storage moduli remains constant, resulting in a high viscosity system with good elastic 

properties. These characteristics are quite promising for an employment of the described systems 

as viscosupplementation agents. 

Thanks to the different polymeric charge density it is also possible to tune the vesicles stability to 

the thermal ramp: a polymer bearing a high charge density can ‘silence’ and stabilize vesicles 

transition. Conversely, in a polymer with a lower charge density the vesicles thermal transition is 
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still on, as well as remarkable changes occur after the thermal transition. 

Cryo-SEM analysis, matched with confocal microscopy and DLS, confirms that the addition of 

the polymer does not disrupt catanionic nanoreservoirs, either at low or at high concentrations. 

Moreover, the mentioned results lead to determine a structure where vesicles acted as main 

bridging points, but further entanglements are guaranteed thanks to the interactions between 

polymeric chains themselves (see fig. 14).  

Thus, vesicular system with a polymer at high charge density and intermediate hydrophobic 

substitution should be interesting when rheological properties are mainly important (i.e. 

viscosupplementation). Vicerversa, a polymer with low charge density can act as a temperature 

tunable controlled release of a model drug, leading to different release kinetics depending on 

system heating ramp. 
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