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Abstract: This work is focused on the formulation of polymer-liposome 
nanoparticles based on the electrostatic bio-adsorption of natural polymers  
onto soybean lecithin liposomes, with potential as novel delivery system for 
macromolecules, such as proteins. The building up of the polymer-liposome 
nanoparticles was achieved through the alternating bio-adsorption of natural 
cationic (chitosan) and neutral (dextran) or anionic (dextran sulphate or 
alginate) polymer layers on a core composed by anionic nanosized soybean 
lecithin liposomes. The electrostatic bio-adsorption of natural polymers 
succeeded in building nanosized, spherical, monodisperse and stable  
polymer-liposome nanoparticles with cumulative sizes between 357.3 nm ± 
25.3 nm and 498.2 nm ± 69.6 nm and surface charges (ζ-potential) between  
–30.66 mV ± 1.55 mV and –26.74 mV ± 1.04 mV for the liposomal systems 
composed by alternating layers of chitosan and dextran sulphate or alginate, 
respectively. Natural-polymer-liposome nanoparticles offer good properties for 
encapsulation on its liposomal aqueous core and sustained release of a model 
protein, BSA, in vitro. 
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1 Introduction 

Liposomes, spherical bilayer vesicles formed by dispersion of certain polar lipids in 
aqueous solvents, have attracted considerable attention in the biomedical, food  
and agricultural industries in recent years because of their ability to act as targeted  
release-on-demand carrier systems for both water and oil-soluble functional compounds 
such as antimicrobials, flavours, antioxidants and bioactive compounds (Benech et al., 
2002; Were et al., 2003; Laye et al., 2008). The use of phospholipids from natural sources 
facilitates large-scale industrial applications, due to the reduction of production costs 
when compared with synthetic phospholipids. As a general rule, the building-up of lipid 
vesicles in water (liposomes), involves a concentrated lecithin dispersion processing 
(Manconi et al., 2003). In general, surfactants as soy lecithin often form supramolecular 
assemblies, such as bilayer sheets and vesicles. Bilayer sheets (or membranes) can be 
periodically stacked to form a lamellar phase (Quinn and Caruso, 2004). Furthermore, 
under certain conditions, dispersion may be formed by multilamellar vesicles (Alvarez  
et al., 2007). 

One of the major limitations of soybean lecithin liposomes is that they have a 
tendency to leak and lose encapsulated components over time (Taylor et al., 2005). 
Moreover, gradual coalescence of liposomes may occur, a process that becomes more 
pronounced in low pH environments where surface charges are reduced (Gregoriadis 
1973, 1993). Previous studies have been analysing the effects involved in the formation 
of a polymeric membrane around the liposome in order to minimise these disruptive 
effects (Decher, 1997; Iwanaga et al., 1999). 

In recent years, a large number of studies have been conducted on natural polymers 
and their derivatives for their potential application as drug delivery systems (Sinha and 
Kumria, 2001; Rubinstein, 2000; Vandamme et al., 2002; Lemarchand et al., 2004). 
Natural polymers can form polyelectrolyte complexes with oppositely charged polymers 
by intermolecular electrostatic interaction. In theory, any polyelectrolyte could interact 
with polymers to fabricate polyelectrolyte complexes. However, in practise, these 
polyelectrolytes are restricted to those water-soluble and biocompatible polymers in view  
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of safety purpose. In this sense, chitosan is the only natural polycationic polymer that 
satisfies the needs (Liu et al., 2008). There are many negative natural polymers that  
can be used as counter ion to interact with chitosan via electrostatic deposition,  
such as alginate (Sarmento et al., 2007), dextran sulphate (Chen et al., 2003), 
carboxymethylcellulose (Cui and Mumper, 2001) and glucomanan (Alonso-Sande et al., 
2006), among others. Chitosan has been shown to bind aggressively to a variety of 
mammalian and microbial cells (Onsoyen, 1992). This cell membrane binding property 
appeared to be directly related to its cationic polyelectrolyte structure, reason why has 
been increasingly combined to liposomes in an attempt to stabilise the liposomes as drug 
delivery vehicles or for targeting purposes (Dhoot and Wheatley, 2003; Yap et al., 2005; 
Madrigal-Carballo et al., 2008, 2009; Werle and Takeuchi, 2009). 

In this study, we systematically evaluated the conditions required to produce stable 
dispersions of polymer-liposome nanoparticles produced by the alternating electrostatic 
bio-adsorption of natural polymers (chitosan and dextran, dextran sulphate or alginate) 
onto soybean lecithin liposomes, as shown in Figure 1. Each system was characterised 
according to its physical and chemical properties, such as particle size (photon 
correlation), surface charge (ζ-potential), morphology (confocal and AFM microscopy), 
optical contact angle, physical (particle size change) and thermal (DSC, TGA) stability. 
Optimised polymer-liposome nanoparticles were loaded with a model protein, bovine 
serum albumin (BSA), in order to evaluate its encapsulation efficiency (EE), loading 
capacity (LC) and release profile over an extended period to gain insight into potential 
benefits that could be derived from natural polymer bio-adsorption as a tool to obtain 
stabilised polymer-liposome nanoparticles. 

Figure 1 Obtaining of polymer-liposome nanoparticles via electrostatic bio-adsorption of natural 
polymers onto soybean-lecithin liposomes (see online version for colours) 
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2 Experimental section 

2.1 Chemicals 

All reagents were analytical grade or better. Soy lecithin (99% purity reagent) was 
purchased from Guinama S.L., Valencia, Spain. Chitosan (deacetylation degree of 95% 
calculated by 1HRMN; mean molecular weight of 3.81 × 105 Da calculated by specific 
viscosimetry) was purchased from Microsomas y Biopolimeros S.L., Valencia, Spain 
(distributed by Guinama S.L., Spain). Dextran, dextran sulphate (Sodium salt from 
Leuconostoc spp., Mw > 500 kDa), alginic acid (high viscosity), BSA (98% fatty acid 
free, Mw 66 kDa) and sodium chloride were purchased from Sigma Chemical Co.  
(St. Louis, MO, USA). 

2.2 Formulation of liposomes 

Soybean lecithin liposomes were prepared from concentrated soy lecithin dispersions 
(250 g/L) according to procedures previously described (Manconi et al., 2003;  
Alvarez et al., 2007). Briefly, soy lecithin dispersions (250 g/L) were prepared by the 
sonication-swelling under shear method in an aqueous medium (10−5 M NaCl). The 
sonication processes was carried out with an ultrasonic generator Soniprep 150 [MSC 
(UK) Ltd., London, UK] equipped with Titanium Probe (end diameter 9.5 mm) and a 
Process Timer Unit which allows to program the experiments in terms of the total 
treatment time and preselected cycling of alternate on-off of sonication/cooling and also 
equipped with continuous flow vessel (48533–1016) surrounded by a cooling jacket in 
order to obtain an appropriate cooling stage. 

2.3 Bio-adsorption of natural polymers onto liposomes by electrostatic 
deposition technique 

Fresh solutions of chitosan (CHT), alginate (ALG), dextran (DXN) and dextran sulphate 
(DXS) in concentrations ranging 0.01%–0.25% w/v were prepared, in acetic acid (HOAc) 
0.5% v/v for chitosan biopolymer (HOAc was prepared in NaCl 10–5 mol/L and the final 
pH of the chitosan solution was adjusted to 6.0 with NaOH 1 mol/L) and sodium chloride 
10-5 mol/L for dextran, dextran sulphate and alginate, respectively. For the build-up, the 
anionic liposomes from soybean lecithin were coated with alternating layers of positively 
charged CHT and either neutral or negatively charged DXN, DXS or ALG (volume ratio 
of 1:1, respectively). Addition of the second polymeric layer was carried out by adding 
the previous formulation dropwise, under continues stirring, into the coating solution, in 
order to avoid coacervation and potential cross-linking caused by the lacking of the 
coating polymer. Each addition of a natural polymeric layer was followed by separation 
(centrifugation at 180.000xg for 30 minutes, IEC Centra GP8R centrifuge, Thermo 
Scientific, Newington, NH, USA), washing (re-suspension in fresh media) and 
concentration (centrifugation at 180.000xg for 30 minutes and re-suspension in fresh 
media). 
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2.4 Characterisation of polymer-liposome nanoparticles 

2.4.1 Particle size and surface charge 

A particle size analyser (90Plus, Brookhaven Instruments Corporation, New York, USA) 
was used to calculate the apparent hydrodynamic diameter (size) and polydispersity  
index (PI) of single liposomes and polymer-liposome nanoparticles at 25°C. The net 
surface charge was determined by ζ-potential with a ZetaPlus instrument (Brookhaven 
Instruments Corporation, New York, USA). 

2.4.2 Visualisation by confocal and atomic force microscopy 

Polymer-liposome nanoparticles were visualised by atomic force microscopy (AFM, 
MFP-3D-SA, Asylum Research, Santa Barbara, CA, USA) in the contact mode. Samples 
dissolved in water were placed onto freshly cleaved mica and dried in air at room 
temperature. AFM imaging was performed with a spring contact of k = 0.03 N/m using a 
nanoprobe cantilever made of silicon nitride (Si3N4). 

Chitosan interactions with liposomes were confirmed by confocal microscopy (Carl 
Zeiss Microimaging, Thornwood, NY, USA, with 450-490 nm excitation and 510 nm to 
565 nm emission filters) of fluorescently labeled chitosan-liposome nanoparticles (Alexa 
Fluor 488 Labeling Kit, Invitrogen/Molecular Probes, Eugene, OR). Chitosan was labeled 
according to kit instructions and subsequently mixed with liposomes according to 
previously described procedures. 

2.5 Protein encapsulation and release properties 

Protein loading of liposomes was performed by dilution of concentrated dispersions of 
liposomes 0.50% (w/v) with different concentrations of bovine serum albumin (BSA,  
0 mg/mL to 2.0 mg/mL) in phosphate buffer saline (PBS, pH 7.2). The protein-loaded 
liposomes were separated from the un-adsorbed protein by ultracentrifugation for 30 min 
at 180,000xg and 25°C (IEC Centra GP8R centrifuge, Thermo Scientific, Newington, 
NH, USA). Un-adsorbed protein in the supernatant was quantified using a colorimetric 
method (Micro BCA protein assay, Pierce Biotechnologies, Rockford, IL, USA) by 
reading the absorbance at 562 nm (DU 640 spectrometer, Coulter-Beckman, Fullerton, 
CA, USA). For protein release studies, aliquots of protein-loaded secondary liposomes 
were maintained at 37°C. Suspensions were then centrifuged for 20 min at 180,000xg and 
25°C (IEC Centra GP8R centrifuge, Thermo Scientific, Newington, NH, USA) to 
separate the secondary liposomes from the supernatant containing released protein, for 
quantitative purposes. The pellet was re-suspended in 3 mL of PBS (pH 7.2) and the 
procedure repeated similarly over a period of 30 days at pre-determined time points. The 
amount of protein released was analysed spectrophotometrically by measuring the protein 
concentration in the supernatant using the micro-BCA method (Pierce Biotechnologies, 
Rockford, IL, USA) and reading the absorbance at 562 nm (DU 640 spectrometer, 
Coulter-Beckman, Fullerton, CA, USA). The cumulative amount of protein released over 
the time period was calculated using the following equation (1) (Haidar et al., 2008; 
Madrigal-Carballo et al., 2010c): 

( )(%) 100super totalCumulative protein released Protein Protein= ×  (1) 
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Protein LC and EE of liposomes were measured following the procedure reported by 
Madrigal-Carballo and co-workers (2010a). 

3 Results and discussion 

3.1 Influence of the nature of the polymeric coating on the physical properties 
of polymer-liposome nanoparticles 

The effect of the nature of the polymer on its bio-adsorption onto negatively charged 
soybean liposomes is shown in Figure 2. 

Figure 2 Effect of the polymer nature on its bio-adsorption capacity to change net surface charge 
of soybean liposomes (see online version for colours) 

 

Notes: Polymer solutions (0.05%–0.25% w/v) of chitosan (CHT, positively charged), 
dextran (DXN, neutral charged) and dextran sulphate (DXS, negatively charged) 
were mixed with equal volumes of negatively charged soybean lecithin liposomes 
(0.5% w/v, 275 nm). 

Results suggest a strong electrostatic interaction between liposomes and the natural 
polymeric coating. Polymer-liposome interactions seem to be effective solely for 
oppositively charged macromolecules, as revealed by the increase in the net surface 
charge of chitosan-liposome nanoparticles. Systems containing neutral (DXN) and 
negatively (DXS) charged macromolecules did not show any effect on the surface charge 
of liposome nanoparticles. 
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3.2 Natural polymers bio-adsorption onto liposomes 

The particle size of the liposomes in the suspensions was highly dependent on the 
concentration of chitosan added to the system. Figure 3 shows the fluorescent confocal 
microscographs for each of the systems observed upon addition of chitosan to liposomes. 
The range of polymer concentrations where large aggregates were formed suggests that 
this type of aggregation was caused by charge neutralisation or possibly bridging  
[Figure 3(a)]. At polymer concentrations above 0.030% w/v, apparent hydrodynamic 
diameter decreased to about 600 nm, reaching its minimum value at a polymer 
concentration around 0.750% w/v [Figure 3(b)]. Further addition of polymer lead to 
steady increases in the apparent hydrodynamic diameter [Figure 3(c)]. 

Figure 3 Confocal fluorescence micrographs (brightfield on the left, FITC fluorescence on the 
right) of chitosan-coated liposomes at different concentrations of biopolymer,  
(a) 0.050% m/v (b) 0.100% m/v (c) 0.250% m/v 
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The particle size increased from around 300 nm in the absence of chitosan to well above 
6,000 nm in the presence of low amounts of added chitosan, indicating the formation of 
large aggregated structures [Figure 4(A1)]. The size of the aggregates that were formed at 
low chitosan concentrations decreased with increasing chitosan concentration. Thus,  
at a fixed lecithin concentration (0.50% w/v), lower concentrations of biopolymer  
(0.010% w/v to 0.030% w/v) generate large aggregates, with sizes around 6000 nm, 
reaching its smaller sizes at chitosan concentrations above 0.050% w/v. The same 
phenomena was observed for the addition of the second polymeric layer (negatively 
charged) onto positively charged CHT-liposome nanoparticles [Figure 4(A2)]. The range 
for biopolymer concentration providing stable nano-sized polymer-liposome particles 
seemed to be related with the change of the surface charge of the system related with the 
polymer bio-adsorption [Figure 4(B1) and Figure 4(B2)]. 

Figure 4 Effect of the polymer concentration on apparent hydrodynamic diameter (A, AHD) and 
surface charge (B, ζ-potential) of polymer-liposome nanoparticles (see online version 
for colours) 

 

Notes: Polymer solutions (0.01% w/v–0.25% w/v) of chitosan (CHT, positively charged), 
dextran (DXN, neutral charged) dextran sulphate (DXS, negatively charged) and 
alginate (ALG, negatively charged) were mixed with equal volumes of negatively 
charged soybean lecithin liposomes (1, 0.5% w/v, 275 nm) or CHT-liposomes  
(2, 0.5% w/v lecithin, 0.1% w/v CHT). 

Our results are in agreement with recent studies (Guzey and McClements, 2006; Guzey 
and McClements, 2007; Hong and McClements, 2007; Pallandre et al., 2007), suggesting 
an electrostatic deposition of the alternating layers of oppositely charged polymers on the 
negative lecithin liposome core, which will drive to a electrostatic stabilised suspension 
of polymer-liposome nanoparticles, when the polymer concentration is enough to 
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completely coat the liposome nanovesicles, usually associated with an inversion of the 
net surface charge of the particles. 

After the addition of the second layer of biopolymer (negatively charged DXS or 
ALG), stable secondary liposomes were formed within only a narrow concentration  
range (cmin < c < cmax), and below and above this optimal range the liposomal system 
aggregated and eventually phase separated from solution. The minimal concentration 
required to form stable secondary liposomes can be estimated from the change in  
ζ-potential with addition of each polymeric layer (Madrigal-Carballo et al., 2010a, 
2010b). Thus, polymer-liposome nanoparticles were formulated under these controlled 
conditions. 

Atomic force micrographs of the polymer-liposome nanoparticles (Figure 5) showed, 
with illustrative purposes, spherical particles with an average size about 250 nm for the 
CHT-L Np, which increases to about 500 nm with the addition of the second layer of 
negatively charged polymer (DXS or ALG). 

Figure 5 Atomic force micrographs of polymer-liposome nanoparticles obtained by the 
electrostatic bio-adsorption of chitosan, (a) onto soybean lecithin liposomes and dextran 
sulphate (b) or alginate (c) onto chitosan-liposome nanoparticles (see online version  
for colours) 
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3.3 Protein loading and release 

The effect of BSA on the LC and EE are shown in Table 1. Results suggest that BSA has 
a significant influence on both the LC and EE of liposomes. LC seems to be increased 
proportionally to the BSA concentration, reaching over 68% at 2.00% BSA. In the other 
hand, EE seems not to be substantially affected by BSA concentration. These results 
appear to indicate that optimal conditions for soybean lecithin liposomes loading are 
1.50% to 2.00% BSA, with an EE about 40% to 45%. 
Table 1 Effect of BSA concentration on LC and EE of soybean lecithin liposomes (0.5% w/v) 

BSA concentration LC % EE % 

0.50 8.9 ± 2.3 42.5 ± 2.6 
1.00 37.4 ± 1.8 43.1 ± 2.7 
1.50 60.3 ± 2.1 42.7 ± 1.4 
2.00 68.6 ± 3.5 43.6 ± 1.8 

Note: Data is reported as mean ± standard deviation, n = 3 

Protein release studies in Figure 6 showed that BSA cumulative release at isothermal 
conditions, showed a typical rapid burst effect of 60% in the first three days, for the 
liposomal system without polymer coating, whereas the polymer-liposome nanoparticles 
substantially decreased the cumulative release rate of BSA in 30%, 42% and 39% fold for 
the CHT-L Np, DXS-CHT-L Np and ALG-CHT-L Np, respectively, during the same 
period of time. 

Figure 6 Cumulative release of the model protein, BSA, from polymer-liposome nanoparticles 
(see online version for colours) 

 

Notes: L, bare liposomes; CHT-L, chitosan-liposome nanoparticles; DXS-CHT-L, 
dextran/chitosan-liposome nanoparticles and ALG-CHT-L,  
alginate/chitosan-liposome nanoparticles. 
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Addition of polymeric layers may provide a greater crosslink density within the liposome 
surface, causing increased packing and rigidity, as well as increased inter-polymer 
electrostatic interactions, thereby reducing BSA release from the liposomal system. 

4 Conclusions 

This study has shown that it is possible to add just enough natural polymers during the 
bio-adsorption stage, to completely coat all of the particles present in the system, so that 
there is little free polymer remaining in the aqueous phase. The range of concentrations 
(c) to produce stable polymer-liposome nanoparticles for a particular system has to be 
determined empirically (for example using ζ-potential measurements). One has to be 
careful to add enough polyelectrolyte to prevent bridging flocculation, but not too much 
as to cause depletion flocculation. Bridging flocculation occurs when a charged polymer 
adsorbs to the surface of more than one vesicle and links them together. Depletion 
flocculation occurs when the free polymer concentration in the continuous phase 
generates an attractive osmotic force that is strong enough to overcome the various 
repulsive forces. The origin of this osmotic force is the exclusion of polymeric molecules 
from a narrow region surrounding the vesicles surfaces. 

Thus, liposome nanoparticles stabilised by the bio-adsorption of natural polymers can 
be achieved by adding cationic (chitosan) and anionic (dextran sulphate or alginate) 
polymers to a suspension of anionic liposomes (soybean lecithin) under carefully 
controlled solution compositions. The polymer-liposome nanoparticles exhibited better 
stability and release properties than bare liposomes during cumulative release studies of a 
model protein, BSA, conducted during 21 days. Polymer-liposome nanoparticles may 
subsequently be of significant interest as novel biomaterial for the improved delivery of 
macromolecules such as, polymeric drugs or vaccines. 
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