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Abstract 

 

We report a strategy for sustainable development of pH-responsive cubic liquid crystalline 

nanoparticles (cubosomes), in which the structure-defining lyotropic nonlamellar lipid and 

the eventually encapsulated guest molecules can be protected by pH-sensitive 

polyelectrolyte shells with mucoadhesive properties. Bulk non-lamellar phases as well as pH-

responsive polyelectrolyte-modified nanocarriers were formed by spontaneous assembly of 

the nonlamellar lipid monoolein and two biopolymers tailored in nanocomplexes with pH-

dependent net charge. The mesophase particles involved positively charged N-arginine-

modified chitosan (CHarg) and negatively charged alginate (ALG) chains assembled at 

different biopolymer concentrations and charge ratios into a series of pH-responsive 

complexes. The roles of Pluronic F127 as a dispersing agent and a stabilizer of the nanoscale 

dispersions were examined. Synchrotron small-angle X-ray scattering (SAXS) investigations 

were performed at several N-arginine-modified chitosan/alginate ratios (CHarg/ALG with 10, 

15 and 20 wt% ALG relative to CHarg) and varying pH values mimicking the pH conditions of 

the gastrointestinal route. The structural parameters characterizing the inner cubic liquid 

crystalline organizations of the nanocarriers were determined as well as the particle sizes 

and stability on storage. The surface charge variations, influencing the measured zeta-

potentials, evidenced the inclusion of the CHarg/ALG biopolymer complexes into the lipid 

nanoassemblies. The polyelectrolyte shells rendered the hybrid cubosome nanocarriers pH-

sensitive and influenced the swelling of their lipid-phase core as revealed by the acquired 

SAXS patterns. The pH-responsiveness and the mucoadhesive features of the cubosomal 

lipid/polyelectrolyte nanocomplexes may be of interest for in vivo drug delivery applications. 
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1. Introduction 
 

Lipid-based cubic liquid crystalline particles (cubosomes) represent nanostructured colloidal 

delivery systems with enhanced capacity for encapsulation of biomolecules, drugs, and other 

bioactive ingredients [1-4]. They have found applications in the development of various 

controlled release carriers and nanoformulations [5-7]. The inner liquid crystalline 

organization, comprising periodic lipid membranes and networks of aqueous channels, is 

advantageous for the entrapment, solubilization and protection of single or multiple 

therapeutic compounds [5-10,11]. The innovative aspects of the cubosomes topology relay 

in the inner structure of these nanocarriers, which consists of liquid crystalline lipid bilayers 

organized in defined cubic lattice architectures [12]. Cubosomes derived from bicontinuous 

lipid cubic phases and involving two labyrinthine three-dimensional (3D) networks of 

aqueous channels have a significantly larger surface area than the liposome membranes 

[13]. At same particle sizes as those of the vesicular carriers, the 3D cubosome structure is 

capable of encapsulating larger amounts of hydrophobic and hydrophilic substances as 

compared to liposomes. Therefore, the principal advantage of cubosomes over liposomes 

lies in the liquid crystalline organization, which can provide sustained drug release over 

prolonged times with regards to liposomes in contact with cellular interfaces [14]. 

 

pH-responsive cubosome, hexosome, and spongosome liquid crystalline lipid nanoparticles 

are of strong current interest for biomedical applications [10,15-17]. Such carriers can be 

prepared by dispersion of mixed nonlamellar lipid phases in the presence of surfactant 

agents facilitating the bulk phase fragmentation as well as the steric stabilization of the 

created nanosized particles [1,2,8,18-28]. Cubosome particles have been functionalized by 

various kinds of polymer shells in order to improve their surface properties and stability [22-

28]. Depending on the investigated environment, the conventionally used Pluronic co-

polymer surfactants have been replaced by polymers of different compositions and 

topologies (e.g. PEGylated amphiphiles, liner or branched polyethylenimine (PEI), 

dendrimers, polyelectrolytes, etc.). Some of the created hierarchical lipid/polymer 

assemblies have been biocompatible and have enabled the fabrication of sophisticated drug 

delivery systems with stimuli-responsive properties [22,23,27].  

 

The polysaccharide chitosan has attracted strong attention in the development of non-

lamellar lyotropic liquid crystalline nanoparticles with tailored polyelectrolyte functionalities 

[29-33]. Chitosan-modified cubosome lipid particles have been elaborated by inspiration 



 3 

from liposomes, which were modified by anchored polyelectrolytes or functional 

macromolecules [34-44]. In fact, liposomes formed by charged lipids and polyelectrolytes 

represent colloid delivery systems with high affinity for the mucosal and the cellular 

membranes [37-39]. Liposomes with significant mucoadhesive features have been used as 

delivery systems in the treatment of various types of cancers [34-36]. Mucoadhesion favors 

the absorption of the active substances, transported by the liposome carriers, and leads to 

increased drug bioavailability [40-42]. Liposomes associated with chitosan have been 

exploited in the development of nanomaterials for encapsulation of drugs, plasmid DNA and 

vaccines [43-46]. It has been shown that the coating of liposomes by chitosan leads to 

significant mucoadhesion of the nanostructures as well as to increased bioavailability of the 

encapsulated active agents [47-49].  

 

Chitosan is a polymer of natural origin, biodegradable, non-toxic, non-antigenic, 

biocompatible, and displaying antimicrobial activities. These properties make chitosan a 

biopolymer of wide applicability in colloidal systems as it contributes to the improvement of 

their characteristics such as stability, retention of encapsulated material, and specificity for 

applications where bioadhesion is required. The interaction of chitosan with the lipid 

bilayers in liposome systems or giant vesicles has been well documented [50-53]. In order to 

further enhance the functionality of the polysaccharide chitosan, chemical anchoring of 

active ingredients such as arginine has been performed [44,54]. The N-arginine-modified 

chitosan derivative has been advantageous in the development of new generation of 

liposomes with specific functional characteristics and mucoadhesive properties [44,54]. 

 

A recent SAXS study has shown that lipids associated with the polysaccharide chitosan can 

assemble into certain cubic phases depending on the lipid/polymer mass ratio and the 

degree of hydration [55]. Moreover, the association of chitosan and chitosan-N-arginine with 

alginate, another polysaccharide with advantageous characteristics, allowed the production 

of pH-sensitive nanoparticles as drug delivery systems for the anthelmintic drugs ivermectin, 

mebendazole and praziquantel [56-59]. Indeed, chitosan and alginate are oppositely charged 

polyelectrolytes in aqueous medium, which renders the association of both macromolecules 

pH-dependent [54]. In vivo studies of these nanoparticles in fish animals infected with 

gastrointestinal parasites have demonstrated the excellent treatment efficacy upon oral 

administration [54,58,59]. In parallel, the performed physicochemical studies have 

suggested that the structural changes of the chitosan/alginate nanoparticles, as a function of 

pH, play a crucial role for the observed in vivo effects [54,58].  

 

In a further step of the upgrade of the hierarchical core-shell topologies and the surface 

properties of the cubosomal nanoarchitectures, we report here nonlamellar lipid 

nanoparticles with pH-responsive biopolymer shells. The latter are created as polyelectrolyte 

complexes of oppositely charged chitosan-N-arginine (CHarg) and alginate (ALG) derivatives. 

The feasibility of production of biopolymer-tailored lipid cubosomes is evidenced by the 
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liquid crystalline organizations, which were determined by synchrotron SAXS for various 

lipid/polysaccharide compositions at several N-arginine-modified chitosan/alginate 

(CHarg/ALG) ratios. The stability and the pH-responsiveness of the hybrid cubosomal 

nanoparticle structures with tailored polysaccharide (N-arginine-chitosan/alginate) 

complexes were examined under pH conditions mimicking the pH values in the 

gastrointestinal route. As a matter of fact, the oral administration of drugs is known to be 

more convenient and accessible. Due to the hydrophobic nature of several bioactive 

substances and their low solubility, this route of drug administration is still challenging [60]. 

With the development of lipid nanoparticle carriers such as cubosomes (among other types), 

the oral route may become a reality in the treatment of cancer [17,61,62]. Furthermore, the 

controlled release of drugs from pH-sensitive cubosomes into the gastrointestinal tract may 

lead to various pharmacological advantages [17,61,63]. 

 

In this work, the structural characteristics of self-assembled lipid nanoparticles 

functionalized with chitosan-N-arginine (CHarg) and alginate (ALG), associated in 

polyelectrolyte complexes, are studied in detail by synchrotron SAXS, dynamic light 

scattering and zeta potential measurements. The structural variations of the lipid 

nanocarriers associated with different ratios of the two polysaccharides are expected to 

render the cubosome structural parameters responsive to pH of the aqueous medium. Thus, 

the obtained hybrid colloidal systems, comprised by lipidic cubosomes with pH-responsive 

chitosan-N-arginine (CHarg)/alginate (ALG) shells may be promising for applications that 

involve oral drug administration. 

 

2. Materials and methods 

 

2.1. Materials 

The lipid monoolein (99%) and Pluronic F127 (99%) both in powder form (Sigma-Aldrich) 

were dissolved in chloroform at 200 and 100 mg/mL, respectively, and kept at -20 °C until 

use in mixed systems at desired ratios. Chitosan-N-arginine (CHarg) was prepared, purified 

and characterized as previously described [54] with degree of deacetylation of 95%, average 

molecular weight (Mw) of 135 kDa, and a yield of 3.5% of monomers anchored to arginine. 

Alginate (ALG) was from Sigma-Aldrich with Mw = 200 kDa and containing 61% mannuronic 

acid and 39% guluronic acid units. The polysaccharides were dissolved in water at 5 mg/mL 

with overnight stirring followed by 5 min bath sonication. Buffers with concentration 0.2 M 

were prepared with sodium acetate and acetic acid to obtain solutions with pH 2.0 and 5.0. 

Disodium phosphate and citric acid were used to prepare buffers with pH 7.4 and 8.0 by 

changing the proportion between the components at same total concentration of 0.2 M. All 

reagents were of analytical grade. Water was purified from MilliQ system (Millipore Corp.) to 

a total organic carbon value of less than 15 ppb and resistivity of 18 MΩ.cm. 

 

2.2. Bulk liquid crystalline phase preparation 
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Bulk cubic mesophases were prepared with 20 mg of pure monoolein (MO) and 80 mg of 

aqueous buffer solutions or pure water. The solvent chloroform was evaporated from the 

lipid phase under nitrogen gas stream in individual glass vials and the obtained monoolein 

lipid films were lyophilized under cooling and reduced pressure overnight. Bulk liquid 

crystalline samples were produced by adding a volume of hydration water or buffers of 

varying pH values, followed by homogenization through 2 min vortex mixing and 5 min bath 

sonication. Ice was included in the sonicator water bath to avoid heating of the samples. The 

samples were sealed and kept at 4 °C until SAXS measurements. 

 

2.3. Cubosome nanoparticle preparation 

Diverse cubosome dispersions were prepared using Pluronic F127 (PF127), as a dispersing 

agent and stabilizer, and chitosan-N-arginine (CHarg) and alginate (ALG) as a polyelectrolyte 

system, which can form charged biopolymer complexes with affinity for the intestinal 

mucosal membrane. All samples were equally prepared with 20 mg of monoolein (MO) 

yielding a stock concentration of 135 mM for the lipid. Both MO lipid and PF127 were mixed 

in chloroform in glass vials and the solvent was evaporated as described above. Samples 

were prepared with 7, 9, 11, 13 and 15 wt% of PF127 relative to MO. After lyophilization of 

the mixed films, pure water was added and the samples were submitted 10 times to a 

vortex-sonication cycles comprising 1 min vortexing and 5 min sonication. For the 7 wt% 

Pluronic F127 content, additional samples were prepared in the same manner but with 

different buffers (pH 2.0, 5.0, 7.4 and 8.0) instead of water. The 7 wt% PF127 content was 

chosen for the production of biopolymer-modified cubosomes based on the experimental 

procedure illustrated in Scheme 1. The CHarg and ALG solutions were added in a series of 

different amounts and relative proportions to the vials containing the dried lipid films. This 

led to the production of systems involving 10, 15 and 22 µM of polysaccharides. Every one 

included 10, 15 or 20 wt% ALG proportion relative to CHarg. All sample volumes were 

adjusted to 264 µL by adding pure water when required. The vials were sealed and subjected 

to cycles of 10 times vortexing-sonication in ice bath and then kept for equilibration in the 

dark at room temperature (22-25 °C) for one week. Subsequently, 150 µL of each of the four 

different pH buffers was added to every vial of each biopolymer concentration and each 

relative proportion of the polysaccharides. The employed procedure led to buffer dilution to 

72.5 mM concentration. Totally, 36 lipid/biopolymer nanoparticle samples were produced 

for varying pH and CHarg/ALG ratios with a final volume of 414 µL each. The samples were 

further subjected to 1 min vortexing and 5 min bath sonication and then kept at rest for one 

more week before structural analysis. 
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Scheme 1. Preparation protocol of lipid/biopolymer tailored cubosomes by self-assembly. (i) 
After mixing of the ingredients, the solvent chloroform is evaporated from the vial 
containing the monoolein/Pluronic F127 mixture under nitrogen gas stream. (ii) The 
obtained thin film in the vial is lyophilized under cooling and reduced pressure overnight. (iii) 
The thin film is hydrated with solutions of chitosan-N-arginine (CHarg) and alginate (ALG) 
biopolymers. (iv) The mixture is subjected 10 times to cycles of 1 min vortex mixing and 5 
min bath sonication in the presence of ice around the vials. (v) After one week equilibration, 
specific buffers are added and the sample is vortexed and sonicated again to obtain a fine 
dispersion of nanoparticles. 
 

 

2.4. Small angle X-ray scattering (SAXS) 

SAXS experiments were performed at the SWING beamline [64] of Synchrotron SOLEIL (Saint 

Aubin, France). The sample-to-detector distance was 3 m. The patterns were recorded with a 

two-dimensional EigerX 4-M detector. The q-vector was defined as q = (4π/λ) sin θ, where 2θ 

is the scattering angle. The synchrotron radiation wavelength was λ = 1.033 Å. The q-range 

calibration was done using a standard sample of silver behenate (d = 58.38 Å). The 

investigated bulk phases and nanoparticle dispersions were filled in capillaries with a 

diameter of 1.5 mm and were sealed using paraffin wax. They were oriented in front of the 

X-ray beam (25 × 375 μm2) using a designed holder for multiple capillaries positioning (x, y, 

z). Exposure times of either 250 ms or 500 ms (for bulk lipid samples) or 1 s (for diluted 

dispersions) were used. No radiation damage was observed at these exposure times. The 
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temperature was 22 °C. Scattering patterns of an empty capillary, a capillary filled with 

MilliQ water and four capillaries for each buffer solution were recorded for intensity 

background subtractions. Data processing of the recorded 2D images was performed by the 

FOXTROT software [64]. An average of three spectra per capillary was acquired at two 

positions along the capillary length. 

 

The lattice parameters (a) of the liquid crystalline phases were derived from the Bragg peaks 

detected in the X-ray diffraction patterns. The assigned reflections were fitted through the 

Miller indexes according to the relation: 

 

q = (2π/a) (h2 + k2 + l2)1/2                            (1) 

 

from linear fits of the plots of q versus (h2 + k2 + l2)1/2 (see Figure S1), where q is the peak 

position along the scattering vector axis and h, k, and l are the Miller indices of the 

respective cubic lattice. The slope of the linear fit to the data equals the inverse of the cubic 

lattice parameter [65]. 

 

 

2.5. Quasi-elastic light scattering and zeta potential 

Quasi-elastic light scattering (QELS) and zeta potential measurements were performed with 

a Nano-ZS90 Malvern ZetaSizer equipment (Malvern Instruments, UK) operating with a 4 

mW HeNe laser at a wavelength of 632.8 nm in a temperature-controlled chamber at 25 °C. 

Aliquots of 50 µL of the stock cubosome dispersions were diluted with 1 mL of pure water or 

the corresponding buffer, in which the individual sample was prepared. QELS measurements 

were made with the samples in cuvettes and the scattering was acquired at an angle of 90°. 

The typical autocorrelation function was obtained using exponential spacing of the 

correlation time. The data analyses were performed with software provided by Malvern. The 

intensity-weighted size distribution was obtained by fitting data with a discrete Laplace 

inversion routine. Size determination was made using a Stokes−Einstein relation and the 

polydispersity was accessed by using cumulant analysis of the correlation functions 

measured by QELS applying the amplitude of the correlation function and the relaxation 

frequency. The second-order cumulant was used to compute the polydispersity of samples. 

Each analysis was a result of three consecutive measurements.  

Zeta potential was concomitantly measured for the same samples by transferring the 

dispersions to the folded capillary zeta cell using a micropipette and changing the detection 

angle to 173°. Data was acquired performing at least 50 runs per sample. The principle of the 

measurement is based on laser Doppler velocimetry. The electrophoretic mobility was 

converted to zeta potential using the Helmholtz Smoluchowski relationship. The colloidal 

size was expressed as a hydrodynamic diameter in nm and zeta potential in mV. 
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3. Results and discussion 

Hybrid lipid/biopolymer samples were prepared at varying pH and a number of chitosan-N-

arginine (CHarg)/alginate(ALG) ratios in the mixed compositions in order to unveil the 

structural characteristics of novel biopolymer-tailored cubosomes, which aim at 

development of pH-responsive nanoparticles as vehicles for oral drug delivery applications. 

 

3.1. Determination of the concentration of the amphiphilic steric stabilizer favoring stable 

cubosomal dispersions 

For the described sample preparation method, we first determined the content of Pluronic 

F127, which favored mainly cubosomal structural organization of the lipid dispersions, and 

not other types of liquid crystalline nanoparticles (e.g. spongosomes, hexosomes, cubosomal 

precursors and intermediate structures). The sonication-vortex cycles, employed for bulk 

liquid crystalline phase fragmentation and dispersion, were expected to produce a 

coexistence of cubosomes and small vesicular membrane particles, which can merge into 

cubosomes on storage.  

Figure 1A shows the SAXS profiles for the pure monoolein (MO) with different proportions of 

Pluronic F127 (PF127) used for lipid particle dispersion in pure water. The structural data for 

the 7 wt% PF127 content evidenced a cubosomal Im3m liquid crystalline structure. It is 

confirmed by the indexing of the detected Bragg peaks for a cubic lattice, for which the peak 

positions are spaced in the ratios √2: √4: √6: √10: √12: √14. The lattice parameter of the 

inner Im3m cubosome structure was estimated to be 14.0 nm. The particle size determined 

by QELS was around 263 nm in a monomodal distribution of low polydispersity (Table 1). 

 
                                         
 

C. 
 
 
 
 
 
 
 
 
 
 
Figure 1. SAXS patterns of MO-based liquid crystalline systems as a function of the Pluronic 
F127 content and pH. A. Dispersions of self-assembled monoolein/Pluronic F127 systems in 
pure water (curves from blue to rose: 7%, 9%, 11%, 13%, 15% Pluronic F127 (w/w)). B. Bulk 
phases of pure monoolein in pure water (dark blue) and in a buffer of pH 2.0 (light blue). C. 
Cubosome dispersions of monoolein/Pluronic F127 (7 wt%) in pure water (blue) and in 
buffers of pH 2.0 (light blue), pH 5.0 (red), pH 7.4 (rose) and pH 8.0 (brown). 
 

A B C 
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The subsequent increment to 9 wt% and 11 wt% PF127 considerably changed the liquid 

crystalline structure of the dispersion as shown by the vanishing Bragg reflections and the 

appearance of a broad maximum at low scattering vectors. The acquired SAXS patterns 

evidenced a phase transition occurring with the liquid crystalline organization of the lipid 

dispersions. The broad maxima may be attributed to intermediate type (cubosome 

precursors) or sponge-like structures with randomly curved lipid bilayers inside the inner 3D 

topology. The average particle size increased to 326 and 445 nm, respectively, accompanied 

by an increment in the size distribution as shown by the standard deviation (Table 1).  

Further increase to 13 wt% and 15 wt% PF127 content caused a phase transition of the 

nanoparticles to an inverted hexagonal (HII) internal structure. The latter was identified by 

the Bragg reflections spaced in the ratio 1: √3: √4. Of notice, the 13 wt% PF127 dispersion 

presented a lattice parameter a = 5.2 nm, which was reduced to 4.1 nm at 15 wt% PF127. In 

fact, the inverted hexagonal lattice parameter is significantly smaller from that of the 

cubosome dispersion denoting the smaller internal aqueous channel space for the HII 

structure. The size distribution analysis unveiled the presence of two populations of particles 

in these dispersions (Table 1). The population of larger average size and distribution was 

attributed to the hexosome nanoparticles, whereas the smaller particles were attributed to 

vesicles and small cubosomal precursors. These results show that the increment in PF127 

leads to transition of the cubosome dispersion to particles of other liquid crystalline 

organization including hexosomes. Therefore, the 7 wt% PF127 sample was chosen for 

further studies with the objective to explore the non-lamellar dispersion as a platform for 

the development of biopolymer-tailored cubosome particles. 

 
 
Table 1. Characteristics of the nanoparticle dispersions of monoolein obtained at different 
concentrations of the Pluronic F127 (PF127) stabilizer. 

PF127 content 
(wt%) 

Symmetry Lattice 
parameter 

a 

(nm) 

1st Bragg peak 
position 

(1/Å) 

Hydrodynamic 
diameter 

(nm) 

7 Cubic Im3m 14.0 0.0593 263 ± 28 
9 Cubic phase 

precursor 
(sponge-like) 

- - 326 ± 75 

11 Cubic phase 
precursor 

(sponge-like) 

- - 445 ± 122 

13 HII  / Cubic 
precursor 

coexistence 

5.2 0.1293 634 ± 145 (65%) 
294 ± 55 (35%) 

15 HII  / Cubic 
precursor 

coexistence 

4.1 0.1551 711 ± 122 (66%) 
222 ± 27 (34%) 



 10 

 
 
3.2. Dispersion of bulk lipid cubic phase into cubosome particles in a pH interval 

Figure 1B shows the SAXS profiles for bulk phases of pure monoolein, which was fully 

hydrated in pure water and in a buffer of pH 2.0 evidencing a prominent Pn3m cubic lattice 

symmetry with the Bragg peaks spaced in the ratios √2: √3: √4: √6: √8: √9: √10: √12. All bulk 

phases investigated in the pH range from 2.0 to 8.0 have shown similar profiles (Figure S2). 

The lattice parameters determined for the bulk phases as a function of pH are given in Table 

2. The data unveil a slight but constant decrease of the inner repeat distances with pH. 

The SAXS results obtained for the dispersed MO/PF127 systems are shown in Figure 1C. They 

confirm the Im3m cubic symmetry characterizing the inner structure of the cubosomes at all 

investigated pH values of the aqueous phase. The lattice parameter increases with lowering 

the pH of the aqueous dispersions. Therefore, this evidences the variations of the inner 

channel diameters within the Im3m cubic structure with pH (Table 2). The observed effect 

corresponds to shrinking of the hydrated cubosomal structure with a slight reduction of the 

cubic lattice parameter when pH increases from acid to alkaline condition. 

The QELS measurements showed little variations in the cubosome particle sizes, which were 

on averages between 247 to 331 nm (Table 2). At variance, the zeta potential of the 

dispersions showed pH-dependence under the alkaline conditions. In the acid solution and 

also in pure water, zeta potential showed close to zero values characteristic of uncharged 

MO cubosome particles stabilized by PF127. At pH 7.4 and 8.0, the zeta potential reached 

negative values confirming that the surface of the particles is slightly negatively charged. In 

the absence of shells formed by associated biopolymer complexes, the negative charge of 

the MO/PF127 cubosomes might be due to either coordination of phosphate ions from the 

buffer to the surface of the cubosomes or to partial hydrolysis of MO to oleic acid, which is 

in an ionized state under alkaline conditions. Moreover, previous studies have discussed the 

contribution of hydroxide ions adsorption in alkaline solutions [66,67], which can produce a 

polarized water layer over the surface of the nanoparticles. Such a negative charge 

contribution was observed for cubosomes produced with nonionic molecules. 

 

 

Table 2. Characteristics of bulk cubic phases of hydrated monoolein (20 wt% lipid:80 wt% 
aqueous phase) in different buffers at varying pH and of cubosome dispersions stabilized 
with Pluronic F127 (7 wt%) in pure water under the same conditions. 
 

Phase pH Cubic 
symmetry 

Lattice 
parameter 

a 

(nm) 

1st Bragg 
peak 

position 
(1/Å) 

Hydrodynamic 
diameter 

(nm) 

Zeta 
potential 

(mV) 

bulk 2.0 Pn3m 11.2 0.0823 - - 
bulk 5.0 Pn3m 11.1 0.0827 - - 
bulk 7.4 Pn3m 10.8 0.0851 - - 
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bulk 8.0 Pn3m 10.5 0.0876 - - 
bulk pure 

water 
Pn3m 10.8 0.0847 - - 

dispersion 2.0 Im3m 13.9 0.0599 247 ± 46 0.11 ± 3.18 
dispersion 5.0 Im3m 14.2 0.0586 298 ± 56 -0.75 ± 

3.74 
dispersion 7.4 Im3m 12.8 0.0653 331 ± 63 -24.7 ± 

3.63 
dispersion 8.0 Im3m 11.4 0.0731 267 ± 55 -32.7 ± 

4.34 
dispersion pure 

water 
Im3m 14.0 0.0593 263 ± 28 -1.06 ± 

3.45 
 

 

 

 

3.3. Biopolymer complexes-tailored lipid cubosomes 

 

3.3.1. Formation of cubosomal nanoassemblies tailored with biopolymer complexes in 

chitosan-N-arginine/alginate shells 

 

Figure 2 shows the SAXS patterns for the variety of cubosome dispersions, produced under 

different pH conditions, with self-assembled MO/PF127 (7 wt%) particles that were 

subjected to complexes formation. Three concentrations of the biopolymers, namely 10, 15 

and 22 μM, and three proportions of alginate (ALG) relative to chitosan-N-arginine (CHarg), 

10, 15 and 20 wt%, were included for every preparation. As shown by the SAXS results, all 

samples present characteristic Bragg reflections of ordered cubic liquid crystalline 

organization. The Bragg peaks were indexed by the primitive Im3m cubic symmetry for the 

majority of samples. The double diamond Pn3m inner liquid crystalline organization was 

present for few ones. 

 
 
 
 
 
 
 
       
 
 
 
 
 
 

pH 2.0 pH 5.0 pH 7.4 pH 8.0 

pH 8.0 pH 5.0 pH 2.0 pH 7.4 

A 
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Figure 2. SAXS patterns of biopolymer-tailored monoolein/PF127 (7 wt%)/chitosan-N-
arginine (CHarg)/alginate (ALG) cubosome dispersions at different pHs. The plots from up to 
down are acquired at increasing concentrations of the CHarg-ALG complexes: 10, 15 and 22 
µM. A. Series of 10 wt% of ALG relative to CHarg. B. Series of 15 wt% of ALG relative to 
CHarg. C. Series of 20 wt% of ALG relative to CHarg. 
 

As an overall observation, the inclusion of the biopolymers led to changes in the 

supramolecular organization of the lipid cubosomes. This is evidenced by the appearance of 

splitted Bragg peaks (Fig. 2A,B) and small but constant modifications of the peak’s positions. 

Moreover, changes in the Bragg peaks relative intensity was noted for some of the samples 

as well as certain cubic Im3m to Pn3m phase transitions (Fig. 2B,C). These effects can be 

suggested to be due to changes in the internal aqueous space of the cubic water channel 

networks with increasing the concentration of the associated biopolymers. The variations of 

the structural parameters under different pH conditions are considered in detail bellow. 

These characteristics all together confirm the feasibility of production of biopolymer-tailored 

cubosomes, which can be a platform for the development of new hybrid biomaterials for 

biomedical applications.  

 

3.3.2. pH-dependence of self-assembled lipid/biopolymer cubosome structures 

 

Table 3 summarizes the obtained structural results for the biopolymer-tailored cubosomes 

as a function of pH. A cubic inner organization was present for all investigated compositions 

of the particles. They were classified in view of the relative proportions between the 

chitosan-N-arginine (CHarg) and alginate (ALG) biopolymers and expressed as % of ALG. 

For every system, the cubic lattice parameter a, was calculated from the SAXS results 

(presented in Figure 2) according to a previously described methodology [11,13]. The values 

are summarized in Table 3 and compared with the data for the cubosome dispersions 

without biopolymers (Table 2). Under acidic conditions, pH 2.0 and pH 5.0, the cubic lattice 

parameters are between 13 and 14 nm. However, under alkaline conditions (pH 7.4 and pH 

8.0), more significant peculiarities were unveiled. First, a decrease of the lattice parameter 

observed for the pure MO/PF127 cubosomes in alkaline solutions was not found. Instead, 

splitted Bragg peaks appeared for the majority of the biopolymer-tailored cubosomes at 

B 

pH 8.0 pH 7.4 pH 5.0 pH 2.0 

C 
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increasing pH. The lattice parameter was not pH-dependent at low pH. Essentially, the lattice 

parameter increased for the samples containing higher concentration of biopolymers and at 

the higher proportion of ALG (20% ALG). Under acidic conditions, splitted peaks were 

observed at pH 2.0 only for 15% ALG at 15 µM and 22 µM biopolymer concentrations.  

As a general trend, the lattice parameters increased more significantly for the 22 µM 

biopolymer concentration. Notably, a phase transition from the cubic Im3m to cubic Pn3m 

topology was established with these samples at pH 8.0 for the 10% and 15% ALG content as 

well as for the 15 µM biopolymers concentration with 20% ALG. The determined lattice 

parameter for the Pn3m phase structure increased at pH 8.0, contrary to those of the bulk 

phases and the dispersions free of biopolymers (Table 2).  

These structural effects present evidence of the partial swelling of the cubic unit cells, which 

suggests that the biopolymers are likely to be partially inserted in the internal structure of 

the cubosomes. The hydrophobic chains of chitosan may penetrate the lipid/water 

interfaces, whereas the charged residues may partition into the aqueous channel networks.  

The samples containing 22 µM biopolymers with 20% ALG deserve further consideration. 

While a phase transition to Pn3m structure was not observed, a sharpening of the Bragg 

peaks and increased relative peak intensity was established at pH 8.0 (Figure 2). The 

calculated lattice parameter for this sample was 15.67 nm, thus smaller compared to the 

value of 17.31 nm determined at pH 7.4 (Table 3). The sharpening of the Bragg reflections 

evidences a longer-range order of the liquid crystalline structure. Along with the cubic unit 

cell reduction, the results suggest that the biopolymers are partially inserted in the cubic 

lattice networks of the particles. If expelled from the lipid/water interfaces and the internal 

channel networks, the biopolymer chains might remain associated over the external surface 

of the cubosomes. In any case, the SAXS data reveal that the biopolymers provide stable and 

well-defined liquid crystalline structures under the investigated conditions. 

The QELS size profiles, expressed as hydrodynamic diameters, revealed further features of 

the biopolymer-tailored cubosome dispersions. As shown in Table 3, the majority of the 

samples presented a bimodal nanoparticle size distribution for the 10% ALG series at pH 2.0, 

7.4 and 8.0, but monomodal size distribution at pH 5.0. For the 15% and 20% ALG series, the 

bimodal distribution was observed under the alkaline conditions (pH 7.4 and 8.0), but not in 

the acidic solutions (pH 2.0 and 5.0). Upon analyzing the data in detail, the bimodal 

distribution was found to be comprised by a higher proportion (~70%, QELS intensity 

weighted) of larger particles, e.g. 500-900 nm with higher polydispersity. A relative smaller 

proportion (~30%) of size-reduced particles ranging around 140-230 nm and with lower 

polydispersity was found for the samples at pH 7.4. However, a turnover in the particles size 

profile was found at pH 8.0 with random alterations in the proportions between the two 

particles populations, but most importantly, a reduction in the average sizes for the largest 

proportion.  
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3.3.3. Zeta potential variations of cubosomal lipid particles tailored with biopolymer 

complexes 

The zeta potential data equally shown in Table 3 provide further information, not only about 

the particles surface charge, but complementary structure information if associated to the 

QELS size profiles. As a general characteristic, zeta potential was nearly neutral to 

moderately positive for the particle dispersions in the acidic solutions, but increasingly 

negative in the alkaline solutions. For the 10% ALG series, zeta potential increased with the 

concentration of the biopolymers at pH 2.0, but only for the higher concentration at pH 5.0. 

This increase was less expressive for the 15% ALG series and even less for the 20% ALG 

series. Thereby, the relative concentration of ALG plays a crucial role for the surface 

characteristics of the particles. 

Additionally, partial aggregation of the cubosomes was observed at pH 2.0 for the 10% ALG 

series with 10 µM and 15 µM of biopolymer complexes, as established by the size 

measurements (a significant population of particles with sizes around 500 and 800 nm was 

present). For these samples the amount and the proportion between the biopolymers was 

not enough to avoid the partial aggregation, which did not occur for all other samples at pH 

2.0 and 5.0. Although the zeta potential was slightly positive, i.e. 4.95 and 8.35 mV on 

average, it was not enough to provide charge repulsion between the particles, leading to 

their partial aggregation. Despite the two populations of particles, the zeta potential showed 

a single charge profile for all samples. This indicated that both larger and smaller nanoscale 

structures (which are due to the sonication-vortex fabrication process) carry similar surface 

charge characteristics and thereby the larger particles actually result from partial 

aggregation of the smaller ones. Alternatively, the small particles appear to be 

nonequilibrium fragments of vesicular membranes from the bigger nanoparticles [68].  

It is interesting to note that the zeta potential values at pH 5.0 were not far from the 

neutrality for the majority of samples with 10 and 15 µM at 10 and 15% ALG and as well for 

the 22 µM at 20% ALG. Despite, it increased to 22.9 and 16.2 mV on average for the 22 µM 

at 10 and 15% ALG. These results evidence the zeta potential dependency on the 

biopolymers concentration and ALG proportion. The absence of aggregation and the 

production of biopolymer-tailored cubosomes with monomodal distribution and similar size 

for all the samples at pH 5.0 should be attributed to the charge balance between the 

opposite charged biopolymers as discussed below. 

The zeta potential results were all negative for the samples at pH 7.4 and 8.0. In terms of 

biopolymers concentration dependence, the zeta potential decreased slightly with the 

concentration increase and the highest negative values were obtained for all 22 µM samples. 

However, the variation in ALG% had no marked effect on the zeta potential in both alkaline 

solutions as noticeable if comparing the results of the corresponding samples in Table 3. 

It is apparent that the surface charge of the particles in these solutions was not negative 

enough to avoid the partial aggregation of the biopolymer-tailored cubosomes. The majority 

of samples showed the presence of two populations of nanoparticles, for which the single 

zeta potential profile denoted similar surface charge characteristics for both particle 
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topologies. The partial aggregation was less pronounced considering the proportions 

between the two particle populations, in pH 8.0 compared to pH 7.4, which can be related to 

the higher negative zeta potentials found at pH 8.0. Hence, the increase in surface negative 

charge on the particles must have contributed in diminishing the aggregation. This is 

consistent if considering the 22 µM samples at 10 and 15% ALG in pH 8.0, which showed 

higher negative zeta potential of -37.4 and -35.7 mV on average and for which no 

aggregation occurred. Instead, the particles presented similar size profile as the respective 

ones in pH 5.0, which showed positive zeta potential, 22.9 and 16.2 mV on average, 

respectively. 

 

Table 3 

 

Table 3. Structural characteristics (cubic lattice parameters), hydrodynamic diameters and 
zeta potentials at different pH of lipid/biopolymer cubosome dispersions monoolein/PF127 
(7 wt%)/chitosan-N-arginine (CHarg)/ALG for three concentrations of the polysaccharides 
and 10, 15 and 20 wt% alginate (ALG) content relative to CHarg.  
 

 

3.3.4. Charge transitions in the biopolymer complexes imparting pH-responsiveness of the 

cubosome particles 

The pH-responsiveness and the structural features of the biopolymer-tailored cubosomes 

were considered by analyzing the surface charge characteristics, which differ under every pH 

condition. Figure 3 shows the zeta potential variation as a function of pH for the dispersions 

with 22 µM of biopolymers at different proportions of ALG and compared to the cubosome 

dispersion without biopolymers. The higher concentration of 22 µM was chosen to better 

evidence the biopolymers effects, although the 10 and 15 µM samples presented a similar 

tendency. The plot evidences a progressive increase of zeta potential to positive values 

under acidic conditions and to negative values under alkaline conditions with reduction of 

ALG proportion relative to CHarg. Hence, it is apparent that the 10% ALG proportion (red 

spheres) provides the higher pH-responsiveness to the studied particles, since zeta potential 

relays around 20 mV in the acid solutions and drops to nearly -40 mV in the alkaline region. 
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Figure 3. Zeta potential variations as a function of pH for cubosomes prepared with 22 µM 
CHarg-ALG biopolymer complexes at proportions of 10 wt% (red sphere), 15 wt% (green 
triangle) and 20 wt% (blue triangle) of ALG relative to CHarg. The data are compared with 
the zeta potentials of cubosomes without biopolymer shells (black squares). The lines are 
guide to the eye. 
 

These results can be related to the ionization state of the biopolymers at every pH, which 

establishes the charge equilibrium between the polyelectrolytes CHarg and ALG [69]. In pH 

2.0, CHarg is completely protonated on amine and guanidinium groups, thus providing a 

polycation structure. However, ALG (pKa 3.38 (mannuronate residues) and 3.65 (guluronate 

residues)) is in the alginic acid form, i.e., with hydrogen in the carboxylic acid groups, 

rendering the structure in the neutral state. This scenario renders the cubosomes surface 

positively charged when the proportion of ALG is low. It seems that the surface charge tends 

to neutralization, when increasing this proportion to 20%, not because of the charge 

equilibrium but rather due to conformation characteristics of the ALG chains (insoluble in 

strong pH and whose outcome effectively diminishes the polycation charge contribution of 

CHarg on the cubosomes surface). This effect has been previously suggested for plain 

chitosan and ALG nanoparticles at 50:50 w:w proportion [56] and for CHarg and ALG 

nanoparticles at 9 wt% ALG [54]. 

In pH 5.0, the carboxylic acid groups of ALG are ionized leading to formation of a polyanion 

structure [69]. Thus, the charge equilibrium between CHarg and ALG is partially established 

and indeed the equilibrium increases with the increase of ALG proportion, which is 

demonstrated by the respective reduction of zeta potential for the 20 wt% ALG. Thereby, the 

positive surface charge of the biopolymer-tailored cubosomes increases under acid 

conditions when the ALG proportion decreases. 

In pH 7.4 and 8.0, the CHarg suffers deprotonation of the amine groups (pKa 6), but not on 

the few guanidinium groups of bonded arginine (pKa 13, [70]). Thus, the CHarg chains 

present an average of 3.5% of cationic monomers (considering the amount of linked 
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arginine). The ALG chains remain completely negatively charged. Since the low proportion of 

the positively charged monomers of CHarg is always completely neutralized by all the used 

proportions of ALG, the resulting zeta potential relays on similar negative values for the 

majority of samples under these conditions. A remark is given to the 10% ALG with a 

stronger negative zeta potential in pH 7.4, which suggests that the conformation between 

the biopolymers favored the predominance of the free carboxylic groups of ALG on the 

surface of the cubosomes and over the CHarg. 

The described pH-responsiveness, related to the structural features of the biopolymer-

tailored cubosomes, may represent important advantages for the development of colloidal 

vehicles for biomedical applications where pH variation plays an important role. Previously, 

the combination of CHarg and ALG in the production of micro and nanoparticles as drug 

delivery systems has shown great potential for in vivo oral administration [54,56-59]. Indeed, 

the gastrointestinal tract presents extreme pH variation to which drug delivery devices can 

be developed to respond in a manner to provide localized, optimized, and prolonged 

delivery of the carried bioactives. Regarding the cubosomes, the internal crystalline 

structure provides a complex crystalline network for the entrapment and encapsulation of 

hydrophobic and hydrophilic molecules [71]. With the intrinsic slow disassembling of the 

crystalline structure in biological media [14], the cubosomes may provide a prolonged 

release of the transported bioactives. However, plain cubosomes may be removed from the 

gastrointestinal tract before accomplishing the drug delivery purpose. Therefore, the 

development of biopolymer-tailored cubosomes offers a new direction in the application of 

cubosomes in oral drug delivery [17]. 

The surface charge profiles, provided by CHarg and ALG in the generated complexes in this 

study, show that the biopolymer-tailored cubosomes have reduced size and slightly positive 

surface charge in strong acid media, which is typically found in the stomach (Figure 4). In the 

intestinal tract, the pH shows a gradual increase from around 6.0 in the duodenum to 7.4 in 

the terminal ileum. In a previous study, performed with nanoparticles produced with the 

same CHarg and ALG [54], the zeta potential at pH 6.5 varied between -8 and -20 mV. These 

previous results for the biopolymers zeta potential, if placed in Figure 3, would be found 

around the guide lines between pH 5.0 and 7.4, reinforcing the observation that the 

biopolymer-tailored cubosomes show a decreasing zeta potential tendency with pH increase, 

as shown in this study. When passing to the slightly alkaline media, typical of intestine 

condition, the surface charge reverses to negative and the particles tend to aggregate. This 

aggregation process can be profitable to provide prolonged permanence of the structures in 

the intestinal tract. It may improve their retention at the mucosa, hence avoiding the rapid 

metabolic removal with mucoadhesion, which can be achieved by interactions of the 

polysaccharides with proteins of the intestinal mucosal layers [54,72,73]. The improved 

retention in intestines can optimize a prolonged delivery in the organ where absorption of 

bioactives is directed. Thereby, the assembly of lipid cubosomes with polyelectrolyte 

complexes, providing pH-responsive structural characteristics, represents a means to safely 

transport encapsulated bioactives through the strong acid in stomach besides preventing 
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enzymatic degradation in the small intestine. Furthermore, the mucoadhesive property of 

the biopolymers can render stronger interaction and deeper penetration of the nanodevices 

in the mucosal layers of intestine, hence ensuring prolonged retention, and thus rendering 

prolonged release of the bioactives directly to the absorptive columnar epithelium of 

intestine, promoting the absorption and improving the bioavailability [74]. Therefore, the 

CHarg and ALG macromolecules on the surface of cubosomes provide a means to improve 

the mucoadhesion, thus rendering the biopolymer-tailored cubosomes with profitable 

properties for the development as vehicles for oral delivery of bioactives. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4. Representation of the human gastrointestinal tract with an indication of the pH 
zones in the stomach and the intestine, for which the biopolymer-tailored cubosome 
nanoparticles assume a positive net surface charge (pH 2.0) and aggregated assemblies with 
a negative net surface charge. These characteristics may improve the mucoadhesion to the 
intestinal mucosal layers. 
 
4. Conclusion 

Biopolymer-tailored cubosomes with pH sensitivity offer a new direction in the application of 

cubosome carriers in oral drug delivery. Here hybrid cubosome particles tailored with two 

biopolymers were produced with an optimized concentration of the amphiphilic stabilizer 

Pluronic F127 and with various N-arginine-modified chitosan and alginate relative 

proportions in the formed polyelectrolyte complexes at different pH values. The liquid 

crystalline structure and relative stability of the colloidal dispersions was evidenced in a 

range of pH conditions, characteristic of the human gastrointestinal tract. The structural 

changes established by SAXS suggested that the biopolymers were successfully incorporated 

to the cubosomal lipid structures, rendering the obtained nanoparticles pH-responsive 

vehicles. Both biopolymers have been incorporated in different types of nanoparticles 

[44,54,57]. However, they built-up a promising new nanostructured material in association 

with lipid-based cubosomes by tailoring liquid crystalline structure and poly-charged shells, 

which can render stronger interaction and deeper penetration in the mucosal layers of 

pH 2.0 

pH 7.4 
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intestine. Hence, these characteristics of the lipid-biopolymer cubosomes may be explored 

for the development of oral drug delivery systems for bioactive compounds. In this context, 

further directions could drive to the investigation of the entrapment and encapsulation 

potential of the hybrid cubosomes for hydrophilic and hydrophobic molecules, besides in 

vitro release and in vivo intestinal permeability studies and resulting bioavailability profile of 

the delivered bioactives. 
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