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Introduction

Gastrointestinal cancers include a large range of clinical conditions and diseases, which require different treatment approaches with regular or high specificity. [START_REF] Wang | The role of natural killer cell in gastrointestinal cancer: killer or helper[END_REF][START_REF] Al-Ishaq | Phytochemicals and gastrointestinal cancer: Cellular mechanisms and effects to change cancer progression[END_REF] Despite the gradual improvement of the anticancer treatments, problems related to severe side effects of the available chemotherapies still persist. [START_REF] Schmidt | Return to work after breast cancer: The role of treatment-related side effects and potential impact on quality of life[END_REF][START_REF] Amézaga | Assessing taste and smell alterations in cancer patients undergoing chemotherapy according to treatment[END_REF][START_REF] Gianmauro | Cancer survivorship long-term side-effects of anticancer treatments of gastrointestinal cancer[END_REF] Advances in nanotechnology constantly provide new tools and strategies for human medical diagnostics and therapeutic treatments. [START_REF] Du | A novel approach to enhance the mucoadhesion of lipid drug nanocarriers for improved drug delivery to the buccal mucosa[END_REF][START_REF] Zhang | Theranostic combinatorial drug-loaded coated cubosomes for enhanced targeting and efficacy against cancer cells[END_REF] In this regard, the development of nanoparticles, specifically designed as drug delivery systems, increases the opportunities for safe and more efficiently targeted cancer therapies. [START_REF] D'angelo | Doxorubicin nanoformulations on therapy against cancer: An overview from the last 10 years[END_REF][START_REF] Dong | Microfluidic preparation of drug-loaded PEGylated liposomes, and the impact of liposome size on tumour retention and penetration[END_REF][START_REF] Bor | Nanomedicines for cancer therapy: current status, challenges and future prospects[END_REF][START_REF] Li | Controlling the size and shape of liposomal ciprofloxacin nanocrystals by varying the lipid bilayer composition and drug to lipid ratio[END_REF][START_REF] Xiao | PEGylation and surface functionalization of liposomes containing drug nanocrystals for cell-targeted delivery[END_REF][START_REF] Siemer | Nano meets micro-translational nanotechnology in medicine: Nano-based applications for early tumor detection and therapy[END_REF] The enhanced performance of the drug delivery devices depends on specificities related to compositional features that insure their effective interactions with the biological milieu, organs, and tissues [START_REF] Cytryniak | Cubosomal lipid formulation for combination cancer treatment: Delivery of a chemotherapeutic agent and complexed a-particle emitter 213Bi[END_REF] Concerning the gastrointestinal tract condition, it has been reported that massive leakage of serum albumin into the gastric lumen is produced in gastric cancer, Menetrier's disease, and in some cases of gastric atrophy. [START_REF] Glass | Passage of serum albumin into the stomach[END_REF][START_REF] Jarnum | Hypoalbuminemia in gastric carcinoma[END_REF] Accumulation of albumin provides an abnormal molecular environment in stomach and intestine, especially under pathological conditions. Thus, the occurrence of albumin leakage can be considered for the development of novel oral drug delivery nanocarriers.

Cubosomes are liquid crystalline lipid nanoparticles derived from lipid cubic phases, which increasingly attract interest as versatile drug delivery systems. [START_REF] Murgia | Recent advances of non-lamellar lyotropic liquid crystalline nanoparticles in nanomedicine[END_REF][START_REF] Pham | Examining the gastrointestinal transit of lipidbased liquid crystalline systems using whole-animal imaging[END_REF][START_REF] Pham | In vivo formation of cubic phase in situ after oral administration of cubic phase precursor formulation provides long duration gastric retention and absorption for poorly water-soluble drugs[END_REF] Liquid crystalline nanocarriers provide efficient encapsulation of bioactives and improved sustained release Here we investigate the hypothesis of whether the interactions between polyelectrolyte shell-cubosomes (PScubosomes) and serum albumin in strong acid and slightly alkaline conditions can lead to effective complexation of the protein and the nanoparticles, so that structural modifications of the latter could be advantageous for oral drug delivery applications (Figure 1). This is a model study with regard to the complex multicomponent composition of the gut, where the role of bile salts and lipases needs to be considered as well.

Figure 1. Schematic presentation of drug release at the tumor site potentially provoked upon interaction of massively leaked serum albumin with orally administered polyelectrolyte shell-nanocarriers (PScubosomes). Considering that chitosan is a low digestible material, the dynamic structural effect caused by eventual digestion of the nanoparticles is not considered in this scheme. Serum albumin is present in quantity in the gut when cancerous tissue is present.

Materials and methods

Materials

The lipid monoolein (1-oleoyl-rac-glycerol, 99%) and Pluronic F127 (99%) both in powder form (Sigma-Aldrich) were dissolved in chloroform at 200 and 100 mg/mL, respectively, as stock solutions. The polyelectrolyte chitosan-N-arginine (CHarg) was synthesized, purified, and characterized as previously described [START_REF] Patta | Polyionic complexes of chitosan-N-arginine with alginate as pH responsive and mucoadhesive particles for oral drug delivery applications[END_REF] with a degree of deacetylation of 95%, average molecular weight (MW) of 135 kDa, and a yield of 3.5% of monomers bonded 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. Bovine serum albumin (BSA, 98%) was purchased from Sigma-Aldrich. Buffers were prepared with sodium acetate and acetic acid for pH 2.0 buffer medium and disodium phosphate and citric acid for pH 7.4. All reagents were of analytical grade. Purified water was from a MilliQ system (Millipore Corp.) with resistivity of 18 MΩ.cm and a total organic carbon value of less than 15 ppb.

Cubosome nanoparticles preparation

Cubosome dispersions were prepared following our recently described protocol [START_REF] Mathews | Cubosomal lipid nanoassemblies with pH-sensitive shells created by biopolymer complexes: A synchrotron SAXS study[END_REF] with monoolein (Mo) as a nonlamellar lipid and Pluronic F127 (PF127) as a dispersing agent and stabilizer, and chitosan-N-arginine (CHarg) and alginate (Alg) as the polyelectrolyte system, which can form charged biopolymer complexes with affinity for the intestinal mucosal membrane. [START_REF] Madrid | Safety of oral administration of high doses of ivermectin by means of biocompatible polyelectrolytes formulation[END_REF][START_REF] Patta | Polyionic complexes of chitosan-N-arginine with alginate as pH responsive and mucoadhesive particles for oral drug delivery applications[END_REF] All samples were prepared in the same way with 20 mg of Mo yielding a stock lipid concentration of 135 mM. PF127 was included at 7 wt% relative to the lipid. Both Mo and PF127 were mixed in chloroform in glass vials and the solvent was evaporated under nitrogen stream and lyophilized overnight afterwards. For preparation of blank cubosomes without biopolymer shells, pure water was added after lyophilization of the mixed films, and the samples were submitted 10 times to a vortex-sonication cycles comprising 1 min vortexing and 5 min sonication. For preparation of PScubosomes with polyelectrolyte shells, the individual lipid films were hydrated with CHarg and Alg solutions at several different concentrations and proportions of the polyelectrolytes, providing samples with 10, 15 and 22 μM of polysaccharides and for everyone at 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 vortexingsonication in ice bath and then kept for equilibration in the dark at room temperature (22-25 °C) for one week. All samples were produced in duplicate for investigations at the two pH conditions. Subsequently, 150 μL of buffer pH 2.0 or 7.4 was added to every vial of each biopolymer concentration and each relative proportion of the polysaccharides reaching 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. Prior to the SAXS measurements, a volume of 100 μL of each individual dispersion was mixed with the same volume of BSA solution (10 mg/mL) in the corresponding buffer. For DSC the same procedure was made for the selected samples containing 22 μM of polysaccharides at 10 wt% Alg, and for this concentration an additional sample with BSA in pure water was prepared.

Small angle X-ray scattering (SAXS)

SAXS experiments were performed at the SWING beamline [START_REF] David | Combined sampler robot and high-performance liquid chromatography: a fully automated system for biological small-angle X-ray scattering experiments at the Synchrotron SOLEIL SWING beamline[END_REF] 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 nanoparticle dispersions were filled in X-ray capillaries with a diameter of 1.5 mm and were sealed using paraffin wax. They were oriented in front of the X-ray beam (375 x 25 μm 2 ) using a designed holder for multiple capillaries positioning (x, y, z). Exposure time of 1 s was used and no radiation damage was observed. The temperature was 22 °C for all samples. Selected samples containing 22 μM of polysaccharides at 10 wt% Alg were further subjected to SAXS measurements at temperatures increasing to 36, 45, 55 and 65 °C. Scattering patterns of an empty capillary, a capillary filled with MilliQ water and capillaries for each buffer solution were recorded for intensity background subtraction. Data processing of the recorded 2D images was performed by the FOXTROT software. 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) (h 2 + k 2 + l 2 ) 1/2 (1)
from linear fits of the plots of q versus (h 2 + k 2 + l 2 ) 1/2 , where q is the peak position along the scattering vector axis and h, k, and l are the Miller indexes of the respective cubic lattice. The slope of the linear fit to the data equals the inverse of the cubic lattice parameter. [START_REF] Johnsson | Cubic phases and cubic phase dispersions in a phospholipid-based system[END_REF] 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 the cubosome dispersions were diluted with 1 mL of pure water or the corresponding buffer, in which the individual sample was prepared. BSA solutions in the same conditions were at 1 mg/mL. 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. The colloidal size was expressed as hydrodynamic diameter.

Zeta potential was measured in the same equipment using the folded capillary zeta cell and changing the detection angle to 173°. Data was acquired performing at least 100 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 and the data was obtained in mV.

Differential scanning calorimetry

DSC scans were performed in a Microcal PEAQ-DSC Microcalorimeter (Microcal Inc., Northampton, MA, USA) equipped with 0.13 mL twin total-fill cells. The reference cell was filled with water or buffer and the sample cell with 10 mg/mL BSA in water or buffers with and without cubosomes. Samples were heated from 20 to 90 °C using a heating ramp of 1 °C/min. Scans were performed at least in duplicate.
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Isothermal titration calorimetry

The ITC measurements were performed in a VP-ITC microcalorimeter (MicroCal Inc., Northampton, MA). Before the measurements, all samples were degassed for 5 min under reduced pressure in order to avoid the interference of air bubbles in the aqueous suspensions. Following the standard procedure, the working cell of 1.4576 mL in volume was filled with 0.3 mM BSA solution dissolved in the same buffer solutions as cubosome dispersions. One aliquot of 2 μL followed by 27 aliquots of 10 μL of the cubosome or PScubosome suspension in the same buffer were injected stepwise with a 400 s interval into the working cell. The sample cell was constantly stirred (307 rpm), and the experiments were performed at 37 °C. The data acquisition and analyses were carried out with Origin software provided by MicroCal. The data fitting was performed applying the single set of identical binding sites model, as previously described, using a non-linear least square fitting. [START_REF] Mathews | Targeted drug delivery and treatment of endoparasites with biocompatible particles of pH-responsive structure[END_REF] Briefly, the binding constant K is defined as:

K = θ / (1 -θ) C free (2) 
where θ = [bound monoolein]/N[L] is the fraction of BSA "bound" to monoolein on cubosomes, [L] is the total concentration of BSA, and the number of binding sites N represents the number of monoolein bound to BSA at saturation of binding sites. In eq. 2, C free is the concentration of free ("unbound") monoolein as:

C free = C tot -Nθ[L] (3) 
where C tot is the total monoolein concentration. The combination of eqs. 2 and 3 provides a quadratic equation for the molar fraction θ, and by solving this equation, one gets an expression for θ as a function of BSA concentration. Thereafter, the heat release per injection, δQ, where the bound fraction changes by δθ, is:

δQ = N[L]VΔHδθ (4) 
with V the volume in the sample cell and ΔH the molar enthalpy. By fitting the measured heat release δQ with this expression, the fitting parameters N, K, and ΔH are determined.

Results and discussions

Protein BSA zeta potential and structural transitions as a function of solution pH

Table 1 shows the hydrodynamic diameters, d H , and zeta potential values for BSA in solutions with two pH values investigated in this study. An average d H of 10.1 nm was determined at pH 2.0, d H = 6.4 nm at pH 7.4, and d H = 6.1 nm was measured in pure water for comparison. The size increment in the acidic pH suggested unfolding of the BSA structure in the medium bellow the isoelectric point (pI around 5.0). It is known that the BSA macromolecules adopt different solution conformations, which are dependent on the changes in pH and ionic strength. [START_REF] Jachimska | Physico-chemical characterization of bovine serum albumin in solution and as deposited on surfaces[END_REF] In their normal conformation, the albumin molecules
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View Article Online DOI: 10.1039/D2TB02670H resemble a heart shape and consist of 3 main domains and 6 sub-domains generating αhelical pattern. [START_REF] Foster | Albumin structure, function and uses[END_REF] The albumin isomeric forms at different pH values correspond to different α-helical contents. The structural conformers have been classified as normal (N), fast migration (F), and extended (E) states. In the pH range 4-9, the N conformer of BSA was found to be 8.3 nm in length. However, at pH values lower than 4.5, the BSA molecules assume a more extended shape and may reach apparent lengths between 18.1 nm (at pH 4.0) and 26.7 nm (at pH 3.0). [START_REF] Jachimska | Physico-chemical characterization of bovine serum albumin in solution and as deposited on surfaces[END_REF] At pH 2.7, BSA has been characterized as an oblate spheroid with dimensions 2.1x2.1x25.0 nm. [START_REF] Curvale | Intrinsic viscosity of bovine serum albumin conformers[END_REF] Hence, the extended conformation of BSA is predominant in strong acid environment. Thus, the size results in Table 1 appear to be in accordance with the current interpretation of the BSA solution structure. The known isoelectric point between 4.8 and 5.1 implies that BSA acquires a positive charge at pH below 5. [START_REF] Baler | Electrostatic unfolding and interactions of albumin driven by pH changes: A molecular dynamics study[END_REF][START_REF] Wiig | Effect of charge on interstitial distribution of albumin in rat dermis in vitro[END_REF] The charge increases monotonically with the decrease in pH. On the other hand, the net negative charge is increasing at pH over 5. Thereby, self-aggregation of BSA is not expected under both studied conditions, i.e., at pH 2.0 and pH 7.4. In analyzing the sizes and the size distributions in terms of hydrodynamic diameters (d H ) (Table 1), one can deduce that no aggregation of BSA was produced in the studied aqueous solutions.

The zeta potential data with average values of 11.6 mV at pH 2.0 and -5.5 mV at pH 7.4 indicated a less expressive pH-variation of the zeta potential as compared to previous studies. [START_REF] Li | Role of pH-induced structural change in protein aggregation in foam fractionation of bovine serum albumin[END_REF] Because the BSA molecule is characterized by an asymmetric charge distribution, created by both acid and basic amino acids, the magnitude of the zeta potential appears to be dependent on the conformational exposure of the acid or basic residues. The latter ionize depending on the solution characteristics such as pH and ionic strength. Therefore, the variations of BSA zeta potential should be considered with caution, further taking into account that the protein unfolding in acid medium, with consequent size increase, also leads to prominent distribution of charges along the extended structure. Thus, the electrical charge density may be smaller than expected. Indeed, the determined zeta potential close to neutrality for BSA in buffers is liable to the specific characteristics of the solutions. Of notice, the obtained average zeta potential of -23.7 mV in pure water indicates the predominance of BSA negative surface charge under low ionic strength conditions.

Thermodynamic interactions in BSA-cubosome dispersions

Differential scanning calorimetry

The DSC profiles of BSA solutions are shown in Figure 2a for pH 2.0, 7.4, and in purified water as a reference (i.e., absence of salts). In pH 2.0 and purified water, the observed endothermic transitions were broad, with a positive value for the heat capacity change. The transition temperature Tm (defined as the temperature at which a local maximum occurs in the excess heat capacity) was lower for the pH 2.0 solution, with a maximum at 42.4 °C (Table 2). This result evidences that the BSA transition in acidic solution occurs at lower temperature. The shape of the curves corresponding to BSA denaturation differs essentially. The highly broad curve along with the lower ΔH, compared to the other solutions, suggests that the transition of the extended structure of BSA in strong acid medium is less cooperative and requires reduced thermal energy. In purified water, the DSC curve shifted and Tm of 57.6 °C was obtained and the curve with increased ΔH showed an apparent right shoulder. In buffer with pH 7.4, Tm was close to 60.2 °C, but a narrowed peak of higher intensity, depicting further ΔH increase, evidences that the normal compact conformational structure of BSA requires higher thermal energy for the transition. The obtained results show that ionic strength and buffer pH play a crucial role in providing a more cooperative transition, which led to the narrow peak. The comparison with the same BSA solutions containing blank cubosomes (Figure 2b) evidenced that Tm increases for all conditions (Table 2). In parallel, ΔH slightly increases in pH 2.0, but decreases in water, and more significantly decreases to 160 kcal/mol in pH 7.4. For BSA solutions containing PScubosomes (Figure 2c), Tm was further increased at pH 7.4 and water, with concomitant ΔH decrease under both conditions. The endothermic curve almost vanished for the pH 2.0 condition and a remaining discrete signal is noticed at 47.7 °C (Table 2). This steep decrease of ΔH suggests that the forces, which maintain the conformation of BSA molecules, are weakened by the presence of blank cubosomes and PScubosomes. Instead, higher thermal energy is necessary for the transitions.

It is known that the thermal denaturation of proteins comprises two steps. One is the unfolding process, which is endothermic, and in most cases reversible, and the other is the subsequent aggregation or precipitation of denatured proteins, being exothermic and irreversible. [START_REF] Yamasaki | Differential scanning calorimetric studies on bovine serum albumin: I. Effects of pH and ionic strength[END_REF][START_REF] Giancola | DSC studies on bovine serum albumin denaturation effects of ionic strength and SDS concentration[END_REF] Thereby, the experimental ΔH value is the sum of the heat of unfolding and the heat of aggregation. In presence of blank cubosomes and PScubosomes, the possible interaction with the nanoparticles belongs thus to the second step. Thereby, the interaction contributes to an exothermic process hence reducing the effective ΔH as shown in Table 3. Furthermore, the decrease in ΔH is more significant in presence of PScubosomes, suggesting that the interaction with BSA is indeed stronger with these nanoparticles. These observations are further confirmed with ITC, as discussed in the following section. In terms of ΔS (determined as ΔS = ΔH/Tm), a consistent decrease is shown in Table 2 comparing BSA alone, and the presence of blank cubosome and PScubosome for all conditions. These results unveil that thermal transitions of BSA are affected in the presence of blank cubosomes and much more in the presence of PScubosomes. It is suggested that BSA shows no apparent transition at pH 2.0 in the presence of PScubosomes. Overall, BSA displays higher thermal stability in mixtures with PScubosomes.

Isothermal titration calorimetry

The effective thermodynamic interaction between the cubosomal dispersions and BSA was studied by titration under controlled conditions with ITC. It was found that polyelectrolite-free (blank) cubosomes show weak interactions with BSA. Despite, the thermodynamics of this weak interaction was absolutely opposite comparing the strong acid media with the slightly alkaline one as shown in Figure 3.
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View Article Online DOI: 10.1039/D2TB02670H Figure 3. ITC results for the titration of blank cubosomes (left) and PS-cubosomes (right) in BSA (0.3 mM) at 37 °C, all in buffers pH 2.0 (a,c) and 7.4 (b,d). The solid red curves are fits according to the model for one set of binding sites after subtraction of the heats of dilution.

In pH 2.0, a clear endothermic heat was unveiled at every titration of blank cubosomes into BSA solution (Figure 3a), leading to an average ΔH  0.270 kcal/mol (Table 3). In pH 7.4, the weak BSA-cubosome interaction was clearly exothermic for all investigated titrations (Figure 3b), typically with ΔH in the order of -0.425 kcal/mol. No saturation of titration was found at both pHs in a range of concentrations. For the extended conformation of BSA at pH 2.0, [START_REF] Curvale | Intrinsic viscosity of bovine serum albumin conformers[END_REF] the endothermic heat may be associated with the sum of the conformational change of BSA (when coming in contact with the cubosome), besides breaking of H bonds between BSA, and the formation of new H bonds of BSA at the surface of cubosomes (containing Mo polar heads and Pluronic F127 chains). For the globular structure of BSA at pH 7.4, [START_REF] Jachimska | Physico-chemical characterization of bovine serum albumin in solution and as deposited on surfaces[END_REF] the interaction with the blank cubosomes was probably not leading to conformational changes, but rather to water release from the entangled globular proteins. Besides, the formation of hydrogen bonds with the cubosome surface provided the exothermic heat. In sum, the absorbed or released heat at pH 2.0 and pH 7.4, respectively, should correspond to weak interactions which do not lead to effective complexation of BSA with the blank cubosomes. Indeed, the intensity of the heat at every new injection of cubosomes was close to the intensity of the heat of all previous injections, and thus no saturation was achieved (Figure 3a,b). Dramatically different results were obtained for polyelectrolyte-shell PScubosomes. Figures 3c and3d show that heat was released upon interaction with BSA at both pH 2.0 and 7.4. This evidenced a clear exothermic interaction, which reached effective saturation during titration. Of notice, for Mo/BSA molar ratio over 2 at pH 2.0, the exothermic heat is preceded by increasing endothermic heat, which increased to a constant intensity after the exothermic heat vanished. The exothermic heat can be attributed to the effective interaction of BSA with the PScubosomes. Comparing Figure 3a with Figure 3c, the intensities of the endothermic heat in the two independent experiments were roughly similar. However, the endothermic heat in the experiment with the PScubosomes may predominantly arise from the interaction of PScubosomes with PScubosomes which already contain BSA coordinated on their surface during the previous injection.

The effective interaction between PScubosome and BSA led to a change of ΔH of -1.085 kcal/mol at pH 2.0 and -3.485 kcal/mol at pH 7.4 (Table 3), which suggested stronger interaction under the latter condition. For the achieved saturation in the titrations with PScubosomes, it was possible to fit the data applying a single set of binding sites, [START_REF] Mathews | Targeted drug delivery and treatment of endoparasites with biocompatible particles of pH-responsive structure[END_REF] hence providing complete thermodynamic profiles (Table 3). The magnitude of the equilibrium constant K represented favored interactions in both media. Additionally, the number of binding sites N = 0.65 at pH 7.4 and N = 2.51 in strong acid indicated that the Mo/BSA ratio is considerably higher at pH 2.0. This pointed out that less BSA was effectively interacting with the particles at pH 2.0. These results evidenced that a higher amount of BSA strongly interacts with the PScubosome in pH 7.4.

Journal of Materials Chemistry B Accepted Manuscript

View Article Online DOI: 10.1039/D2TB02670H In terms of ΔG (calculated applying ΔG = -RTln(55.55K), where ΔG is defined for standard state of mole fraction, T is temperature, and 55.55 introduces the concentration of water), [START_REF] Mathews | Targeted drug delivery and treatment of endoparasites with biocompatible particles of pH-responsive structure[END_REF] the results further evidenced a favored thermodynamic interaction with prominent reduction in Gibbs energy under both conditions (Table 3). Intriguingly, the positive entropic contributions, two times higher at pH 2.0, suggested expansion of the interacting system. This may arise from any kind of conformational changes in the involved components, counter ions and water molecules release from both nanoparticles and BSA, redistribution of the hydrogen bond network or the van der Waals interactions. Specifically in pH 7.4, a hydrophobic contribution of deprotonated chitosan chains over the surface of the PScubosome should not be excluded.

Structural features of BSA interactions with PScubosomes versus blank-cubosomes

The obtained SAXS results on the interaction of biopolymer (chitosan-Narginine/alginate)-functionalized lipid nanoparticle dispersions with albumin at different pH values are presented and discussed considering (i) the inner liquid crystalline nanochannel network organization of the generated self-assembled cubosome nanoparticles and their capacity to entrap protein species under different environmental conditions impacting the hydration of the molecules; (ii) the possible electrostatic complexation between the cubosome nanoparticles that exhibit pH-dependent surface charge (determined by the chitosan-N-arginine-to-alginate ratio referred to as CHarg/Alg) and the protein biomolecules of different ionization states and/or conformation; and (iii) albumin binding on the nanoparticle surface in the shape of a protein corona dependent on pH.

Figure 4 shows the SAXS patterns acquired upon incubation and assembly of biopolymer-functionalized (Mo/PF127/CHarg/Alg) lipid nanoparticles and albumin at pH 2.0 and 7.4. The detected Bragg diffraction peaks in the patterns identify cubic liquid crystalline inner organization of the investigated nanoassemblies and confirm the formation of cubosome structures. The upper dark blue plot indicates that the incubation of albumin with blank (Mo/PF127) cubosomes, which lack a surface coverage by polysaccharide (CHarg/Alg) shells, does not modify the inner primitive Im3m cubic lattice organization typical for the Pluronic F127-stabilized Mo cubosomes (see also the structural parameters reported for pure Mo in Table 2 of ref. [START_REF] Mathews | Cubosomal lipid nanoassemblies with pH-sensitive shells created by biopolymer complexes: A synchrotron SAXS study[END_REF] ). Indeed, the cubic lattice spacing (a Im3m =13.65 nm) determined after the nanoparticle mixing with albumin does not significantly differ from that of the blank Mo/PF127 cubosomes (a Im3m =13.9 nm) at pH 2.0. This confirms weak interaction between the neutral cubosome Mo lipid nanoparticles and the positively charged protein.

The result agrees with the ITC data. The hydration of the inner primitive-type Im3m cubic lattice network appears to be slightly decreased. At pH 7.4, the interaction of the blank Mo/PF127 cubosomes with the protein remains weak as deduced from the obtained cubic unit cell parameter a Im3m =13.59 nm, which slightly differs from a Im3m =12.80 nm obtained for the same nanoparticles in absence of albumin. 4 for the classification of the PScubosome compositions containing 3 concentrations of polyelectrolytes (µM) for 3 relative proportions of Alg (wt%).

At variance to the neutral blank Mo/PF127 cubosomes which lack biopolymer shells, the interaction of the polysaccharide-functionalized (Mo/PF127/CHarg/Alg) lipid dispersions with the protein resulted in notable structural changes in the PScubosome nanoparticles. As shown in Figure 4, the obtained SAXS curves evidence new Bragg diffraction peaks for the PScubosomes for all studied concentrations and relative proportions of the polysaccharides.

The indexing of the SAXS patterns revealed the occurrence of a coexistence of two distinct cubic symmetries corresponding to the initial Im3m and a new Pn3m phase. The lattice parameters are depicted in Table 4 showing a reproducible partial phase transition for almost all samples. In pH 2.0, the lattice parameter varied between 13.47-14.02 nm for the Im3m cubic structure and between 10.11-10.55 nm for the Pn3m cubic phase, without an apparent tendency relative to the biopolymer concentrations. However, in pH 7.4, the lattice parameter varied between 13.77-16.42 nm for the Im3m cubic structure and between 10.08-11.87 nm for the Pn3m cubic phase. This result denoted a slight increase of the internal repeat distances for both phases with the increase of the biopolymer concentration and also with increase of the Alg relative proportion. Of notice, the sample containing 22 μM biopolymers at 10% Alg showed the sole occurrence of inner Im3m cubic symmetry. The intensity of the Bragg reflections in pH 7.4 for the majority of the samples at 15 and 22 μM of biopolymers, and specially for the 20% Alg, were low and broad. Overall, these results suggested a stronger interaction of the PScubosomes with albumin at pH 7.4, and confirmed the thermodynamic studies. Table 4 to be inserted here (See Table 4 at the end of the document). of BSA over the nanoparticles and a transition from Im3m (yellow) to Pn3m (rose) cubic symmetry of the nanocarrier liquid crystalline organization.

As illustrated in Figure 5, the established partial phase transition is suggested to result from effective nanoparticle-protein interactions, which are promoted by the biopolymer shells. Actually, the phase transition from Im3m to Pn3m cubic lattice organization requires increase in the curvature of the lipid bilayers in the cubic network (Figure 5), which leads to the reduction of the lattice parameter (as described above). Such a phase transition occurring in presence of albumin may have implications for the in vivo performance of the nanocarriers, considering that changes in the bilayer curvature and decrease of the internal spaces of the cubic network represent structural features that may promote effective release of encapsulated bioactives. Indeed, the transition to Pn3m may lead to the squeezing out of hydrophilic compounds due to the dehydration resulting from the cubic lattice distance reduction. [START_REF] Angelov | Small-angle neutron and X-ray scattering from amphiphilic stimuli-responsive diamond type bicontinuous cubic phase[END_REF] Besides, the increase of the lipid bilayer curvature may provide higher exposure of hydrophobic compounds entrapped in the cubosomes, thus facilitating their release when reaching the cellular membranes.

The stability of the Mo/PF127/CHarg/Alg cubosomes incubated with albumin at pH 2.0 and 7.4 was investigated in the temperature range from 22 to 65 o C (Figure 6) for the selected samples containing 22 μM of biopolymers at 10 wt% Alg. These samples were selected considering the greater difference in the zeta potential of the nanoparticles at pH 2.0 with 7.4 (Table 4), in the range of 18.0 mV and -39.0 mV, respectively, on the average. The SAXS patterns clearly show, with increasing temperature, the occurrence of phase transitions accompanied by splitting of the Bragg diffraction peaks at pH 2.0 (Figure 6a). These data indicated the induction of two liquid crystalline structures in the mixed lipid/biopolymer/protein systems studied at pH 2.0. Starting from room temperature, the Bragg peaks of the primitive Im3m cubic lattice cubosomes were present in the SAXS patterns of the Mo/PF127/CHarg/Alg formulations at all temperatures upon heating up to 65 o C. The inner cubic unit cell lattice parameter (a Im3m =13.97 nm) of the cubosomes determined at 22 o C (Table 4) is close to that of the pure MO/PF127 cubosomes at pH 2.0 (a Im3m =13.9 nm) previously reported. [START_REF] Mathews | Cubosomal lipid nanoassemblies with pH-sensitive shells created by biopolymer complexes: A synchrotron SAXS study[END_REF] Interestingly, Bragg peaks of a second cubic phase structure were also detected in the SAXS curves of the dispersed lipid/biopolymer/protein (Mo/PF127/CHarg/Alg/BSA) assemblies upon increasing temperature. They were fitted by the coexisting reflections of a primitive Im3m and a double diamond Pn3m types of cubic phases and the determined lattice parameters are presented in Table 5. The formation of the Pn3m cubic structure can be attributed to the partial entrapment of protein biomolecules within the PScubosome particles. Such a coexistence of Im3m and Pn3m cubic lattice structures has been already reported for lipid/peptide cubosome systems at partial peptide loading that occurs at low peptide concentrations [START_REF] Angelova | Pep-lipid cubosomes and vesicles compartmentalized by micelles from self-assembly of multiple neuroprotective building blocks including a large peptide hormone PACAP-DHA[END_REF] and in lipid/chitosan hydrogels. [START_REF] Mathews | Dispersion of chitosan in liquid crystalline lamellar phase: Production of biofriendly hydrogel of nano cubic topology[END_REF] The obtained SAXS results further suggested that the concentration of the protein molecules in the aqueous phase is insufficient to entirely transform the Im3m cubic structure of the Mo/PF127/CHarg/Alg cubosome particles into the Pn3m cubic symmetry. It should be noted that high BSA concentrations, that could result in higher protein loading, leads to precipitation of big aggregates and the impossibility to investigate dispersed Mo/PF127/CHarg/Alg/BSA assemblies. Therefore, the investigated here concentration was
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View Article Online DOI: 10.1039/D2TB02670H chosen as to correspond to aqueous dispersions of cubosomal objects, which are stabilized by repulsive forces between their functionalized surfaces. The lattice parameters of the Im3m and Pn3m cubosome structures presented in Table 5 were found to decrease with increasing temperature. This result can be explained by the temperature effect on the membrane curvature and the dehydration of the lipid/water interfaces in the three-dimensional network membrane organization. [START_REF] Angelov | Small-angle neutron and X-ray scattering from amphiphilic stimuli-responsive diamond type bicontinuous cubic phase[END_REF] Heating from 36 o C to 65 o C leads to progressive squeezing of water molecules from the cubosomal nanochannels, which results in dehydration of the inner liquid crystalline organization of the nanoparticles. Correspondingly, the cubic lattice parameters decrease from a Im3m =14.0 nm to 10.55 nm and from a Pn3m =10.51 nm to 8.01 nm (Table 5). Notably, both Im3m and Pn3m cubic symmetries were preserved (Figure 6a).

Figure 6b presents the SAXS patterns characterizing the interaction of the Mo/PF127 and Mo/PF127/CHarg/Alg self-assembled liquid crystalline nanoparticles with albumin at pH 7.4. The interaction of the blank Mo/PF127 cubosomes with the protein also remains weak at pH 7.4 as deduced from the obtained cubic unit cell parameter a Im3m =13.59 nm, which slightly differs from the value a Im3m =12.80 nm, obtained for the same nanoparticles in absence of albumin. [START_REF] Mathews | Cubosomal lipid nanoassemblies with pH-sensitive shells created by biopolymer complexes: A synchrotron SAXS study[END_REF] However, notable structural changes are straight distinguished for the Mo/PF127/CHarg/Alg assemblies with regard to the pH 2.0 condition. First, the intensity of the Bragg diffraction peaks of the Im3m cubic lattice decreases upon increasing the temperature from 22 o C to 65 o C. The phase transition from the Im3m to the Pn3m cubic phase structure occurs gradually upon heating of the aqueous dispersion at pH 7.4 and the
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View Article Online DOI: 10.1039/D2TB02670H later was clearly identified at 45 °C (Table 5). Second, the Bragg diffraction peaks corresponding to the Pn3m cubic phase become of noticeable higher intensity compared to the Im3m structure, especially at 65 °C (Figure 6b). These outcomes are essentially different from those presented in Figure 6a. It can be inferred from the data in Figure 6b and Table 5 that the Im3m cubic phase structure undergoes a temperature-induced destabilization, which is favored by the dehydration of the aqueous channels in the inner organization of the nanoparticles. [START_REF] Angelov | Small-angle neutron and X-ray scattering from amphiphilic stimuli-responsive diamond type bicontinuous cubic phase[END_REF] Correspondingly, the Bragg peak intensities of the diamond cubic Pn3m lattice increase. Moreover, the hydrophobic and charge-charge interactions between the weakly negatively charged BSA molecules at pH 7.4 and the lipid cubosomes with polysaccharides (CHarg/Alg) shells appear to contribute to the overall dehydration of the Mo/PF127/CHarg/Alg/BSA assemblies, and thus to the Im3m cubic phase destabilization. The SAXS plots in Figure 6b (from top to bottom) clearly show that the transition to a less hydrated Pn3m mesophase cubic structure is favored by increasing temperature from 45 o C to 65 o C. The temperature dependences of the determined a Im3m and a Pn3m cubic lattice parameters of the Mo/PF127/CHarg/Alg/albumin self-assembled supramolecular structures are presented in Table 5 showing consistent decrease with temperature rise, similar to the pH 2.0 condition. Whereas the population of Im3m cubosomes was essentially diminished at pH 7.4 (in comparison to pH 2.0), the growing Bragg peak intensities of the less hydrated Pn3m cubic lattice at pH 7.4 suggested that the interaction between the protein and the PScubosomes, besides the phase transition, led to expulsion of water from the aqueous nanochannel networks present inside the nanoparticles. Zeta variations (±) are standard deviations obtained from the respective experiment.

Figure 2 .

 2 Figure 2. DSC curves for BSA in solution (a) and BSA incubated with blank cubosomes (b) and PScubosomes (c) at same pH values of the environment.
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Figure 4 .

 4 Figure 4. SAXS patterns recorded after cubosome-BSA incubation at pH 2.0 (a,b,c) and 7.4 (d,e,f). Higher curves: blank cubosomes (Mo+PF127) in BSA as a reference system (dark

Figure 5 .

 5 Figure 5. Schematic representation of BSA protein (red structures) interacting with the biopolymer shells (blue and green structures) on the PScubosomes leading to complexation

Figure 6 .

 6 Figure 6. SAXS patterns of blank and PScubosomes at varying temperatures. Higher curve (dark blue): Blank cubosomes (Mo/PF127) in albumin as a reference sample; From up to down: PScubosomes (Mo/PF127/CHarg/Alg) with 22 μM biopolymers/ 10 wt% Alg, in BSA solution at temperatures 22, 36, 45, 55 and 65 °C. (a) pH 2.0. (b) pH 7.4.

  

Table 1 .

 1 Hydrodynamic diameters, d H , and Zeta potential values of BSA (1 mg/mL) in buffer solutions and pure water.

	Solution	Hydrodynamic	PDI*	Zeta potential
		diameter (nm)		(mV)
	pH 2.0	10.1 ± 5.7	0.36	11.6 ± 4.6
	pH 7.4	6.4 ± 1.5	0.28	-5.5 ± 3.5
	Water	6.1 ± 2.8	0.37	-23.7 ± 6.1

*Size polydispersity index

Table 2 .

 2 DSC results for transition temperature (Tm, °C), enthalpy variation (ΔH, kcal/mol), and entropy variation (ΔS, kcal/mol.K) for BSA under the studied conditions.

									View Article Online
									DOI: 10.1039/D2TB02670H
	BSA Solution	Tm	ΔH	ΔS	BSA + cubosomes Tm ΔH	ΔS	BSA + PScubosomes Tm ΔH ΔS	Journal of Materials Chemistry B Accepted Manuscript
	pH 2.0	42.4	23.2 0.074 54.3	27.4	0.083 47.7	1.1	0.003
	pH 7.4	60.2 193.1 0.579 65.5	160.0	0.473 76.6	126.2	0.361
	water	57.6 121.8 0.368 67.5	117.0	0.344 81.5	91.6	0.258

Table 3 .

 3 Thermodynamic parameters characterizing the interaction of PScubosomes (a) and blank cubosomes (b) with BSA protein at 37 °C under the studied pH conditions.

	pH	N	K (10 4 M -1 )	ΔH (kcal/mol)	ΔG (kcal/mol) ΔS (kcal/mol.K)
	2.0 2.51 ± 0.04	2.39 ± 0.29	-1.085 ± 0.025	-8.689	0.024
	7.4 0.65 ± 0.11	0.24 ± 0.04	-3.485 ± 0.711	-7.275	0.012
	2.0	*	*	~ (0.270)	*	*
	7.4	*	*	~ (-0.425)	*	*
	Number of binding sites, N; binding constant, K; molar enthalpy, ΔH; Gibbs energy, ΔG; entropic
	contribution, ΔS.					

Table 5 .

 5 Lattice parameters of PScubosome dispersions (22 M biopolymers -10 wt% Alg) in BSA solution for the indicated cubic symmetries as a function of temperature.

	Temperature Im3m	Pn3m
		(nm)	(nm)
	pH 2.0		
	22 °C	13.97 10.49
	36 °C	14.00 10.51
	45 °C	12.25	8.40
	55 °C	11.21	8.46
	65 °C	10.55	8.01
	pH 7.4		
	22 °C	15.67	-
	36 °C	15.64	-
	45 °C	11.80 8.89
	55 °C	11.02 8.34
	65 °C	10.48 7.90

Table 4 .

 4 Lattice parameters for the indicated cubic symmetry of PScubosomes containing 3 concentrations of polyelectrolytes (M) for 3 relative proportions of Alg (wt%), all samples in excess of BSA. Zeta potential for the PScubosomes before incubation in BSA.

		Zeta (mV)	18.0 ± 6.01	-39.0 ± 3.30		Zeta (mV)	10.6 ± 5.23	-25.6 ± 4.74		Zeta (mV)	3.77 ± 5.75	-24.4 ± 3.26
	22 M	Pn3m (nm)	10.49	-	22 M	Pn3m (nm)	10.55	11.08	22 M	Pn3m (nm)	10.46	11.85
		Im3m (nm)	13.97	15.67		Im3m (nm)	13.93	15.14		Im3m (nm)	13.98	16.38
		Zeta (mV)	8.35 ± 4.69	-21.3 ± 3.62		Zeta (mV)	6.72 ± 4.07	-23.8 ± 3.09		Zeta (mV)	3.63 ± 9.26	-18.7 ± 6.65
	15 M	Pn3m (nm)	10.54	10.08	15 M	Pn3m (nm)	10.44	10.43	15 M	Pn3m (nm)	10.33	11.87
		Im3m (nm)	14.02	13.77		Im3m (nm)	13.72	14.50		Im3m (nm)	13.74	16.42
		Zeta (mV)	4.95 ± 4.06	-23.4 ± 4.07		Zeta (mV)	2.63 ± 3.81	-21.1 ± 3.72		Zeta (mV)	1.64 ± 4.11	-22.5 ± 6.58
	10 M	Pn3m (nm)	10.27	10.12	10 M	Pn3m (nm)	10.32	10.12	10 M	Pn3m (nm)	10.11	10.90
		Im3m (nm)	13.75	13.82		Im3m (nm)	13.47	13.89		Im3m (nm)	13.50	14.46
	10% Alg	pH	2.0	7.4	15% Alg	pH	2.0	7.4	20% Alg	pH	2.0	7.4
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Conclusion and perspectives

The interaction of serum albumin with conventional blank monoolein-Pluronic F127 cubosomes was found to be weak in terms of thermodynamics and no notable structural changes in the nanoparticle liquid crystalline structure were observed. At variance, strong interaction between serum albumin and polyelectrolytes shell-cubosomes (PScubosomes) was evidenced by the established enthalpic, entropic and Gibbs energy variations at pH values of simulated both gastric and intestinal conditions. The ITC results indicated that the interactions at both pHs values are not purely electrostatic. The effective PScubosomeprotein interaction led to alteration of the internal cubic lattice symmetry of the particles and a partial transition from the original Im3m cubic structure to Pn3m structure characterized by higher lipid membrane curvature. Furthermore, decrease of the internal cubic lattice spacings of both Im3m and Pn3m cubosomes provided evidence for the reduction of the internal water channels, and thus water squeeze provoked by the protein. These characteristics may trigger release of encapsulated bioactive molecules upon PScubosome complexation with serum albumin under gastrointestinal cancerogenic conditions. In perspective, the presented here concept can be applied to oral delivery of various anticancer drugs by PScubosome nanocarriers.

In general, there is still a relatively poor understanding of how real gastrointestinal conditions affect the physicochemical characteristics of nanoparticles. [START_REF] Zhou | Recent advances in the gastrointestinal fate of organic and inorganic nanoparticles in foods[END_REF] The presence of bile salts in the gut may have dramatic structural effects on the lipid carriers if they display a propensity for formation of mixed micelles. However, the polysaccharide shells on the surface of the cubosomes studied here may provide an improved structural stability if considering the reported fact that chitosan is a low digestible polysaccharide. Besides, the pH-responsive surface charge provided by the cationic and anionic polysaccharides may inhibit the lipase action and influence the digestibility effect of bile salts as well as. [START_REF] Hu | Influence of tripolyphosphate cross-linking on the physical stability and lipase digestibility of chitosan-coated lipid droplets[END_REF] In terms of gastrointestinal cancer, the albumin presence in the gut represents an additional component which can lead to corona formation on nanocarriers and yield structure variation, depending on the strength of interaction as shown in this study. The understanding of these processes provides important insights into the design of nanoparticle-based delivery systems that are highly effective and safer.

Therefore, considering that the efficacy of oral drug delivery particles depends on their structural fate resulting in the gut environment, future research will concern the functional in vitro and in vivo performance of the PScubosome as anticancer drug carrier. 
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