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G R A P H I C A L  A B S T R A C T  

A hybrid lipid-natural source polysaccharides smart cubosome affords crystalline cubic. 
to inverse hexagonal phase transition and active membrane disturbances for prolonged. 
and triggered bioactive delivery.  
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A B S T R A C T   

Smart nanocarrier-based bioactive delivery systems are a current focus in nanomedicine for allowing and 
boosting diverse disease treatments. In this context, the design of hybrid lipid-polymer particles can provide 
structure-sensitive features for tailored, triggered, and stimuli-responsive devices. In this work, we introduce 
hybrid cubosomes that have been surface-modified with a complex of chitosan-N-arginine and alginate, making 
them pH-responsive. We achieved high-efficiency encapsulation of acemannan, a bioactive polysaccharide from 
Aloe vera, within the nanochannels of the bioparticle crystalline structure and demonstrated its controlled release 
under pH conditions mimicking the gastric and intestinal environments. Furthermore, an acemannan-induced 
phase transition from Im3m cubic symmetry to inverse hexagonal HII phase enhances the bioactive delivery 
by compressing the lattice spacing of the cubosome water nanochannels, facilitating the expulsion of the 
encapsulated solution. We also explored the bioparticle interaction with membranes of varying curvatures, 
revealing thermodynamically driven affinity towards high-curvature lipid membranes and inducing 
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morphological transformations in giant unilamellar vesicles. These findings underscore the potential of these 
structure-responsive, membrane-active smart bioparticles for applications such as pH-triggered drug delivery 
platforms for the gastrointestinal tract, and as modulators and promoters of cellular internalization.   

1. Introduction 

Hybrid lipid-polymer nanoparticles are considered an emerging 
generation of carriers for drugs and bioactives across numerous bio
logical and medical applications [1–3]. These nanoparticles are 
designed to be systematically engineered into structures that ensure 
high efficiency in encapsulating bioactive cargos. Their surface prop
erties are tailored for specific interactions with biological targets and the 
surrounding milieu. Ideally, the encapsulated bioactives should 
demonstrate attenuated or controlled release kinetics to optimize bio
logical activity. 

Cubosomes are liquid crystalline nanoparticles formed through the 
self-assembly of monoacylglycerol lipids into highly curved lipid bi
layers in water. This process leads to the formation of 3D networks with 
defined and thermodynamically stable crystalline topologies. The 
intricate aqueous channels within the cubosome structure offer a 
potentially protective, confined space for water-soluble bioactives [4,5]. 
In addition, the network-like structure of the cubosomes provides a large 
internal surface area, which may attain values as high as 400 m2 per 
gram of lipid [6]. 

Dispersions of surface-modified cubosomes have been proposed for 
specific applications of these nanoparticles with both hydrophilic and 
hydrophobic properties. For instance, cationic cubosomes, produced 
with a synthesized lipid bearing a pharmacophoric headgroup, were 
demonstrated to synergistically improve the in vitro cytotoxicity of the 
paclitaxel drug on cancer cell lines [7]. Surface charge manipulation is 
recognized as one of the strategies for designing micro- and nano
particles with modulated interaction with biological membranes [8–10]. 
Consequently, lipid particles tailored with charged polymers have been 
proposed for various biomedical applications, including antibacterial, 
anticancer, and genetic therapy [11–13]. Regarding cubosomes, surface 
coating with poly-ε-lysine [14] or hyaluronic acid [15] has been shown 
to enhance in vitro functionality and targeted drug delivery. 

Recently, our group developed hybrid lipid cubosomes with a 
surface-tailored polyelectrolyte shell composed of the biopolymers chi
tosan-N-arginine (CHarg) and alginate (ALG) [16]. The shell, formed by 
complex coacervation of the oppositely charged polyelectrolytes, im
parts a pH-responsive characteristic to the hybrid cubosomes. This 
responsiveness arises from the protonation-deprotonation of CHarg and 
the deionization-ionization of ALG as the suspension transitions from 
strong acid to alkaline conditions. Furthermore, the hybrid cubosomes 
effectively interact with serum albumin under simulated gastric and 
intestinal pH conditions, leading to a thermodynamically driven partial 
transition of the cubosomes’ internal crystalline structure from the 
original Im3m cubic topology to the Pn3m cubic phase with reduced 
lattice parameter [17]. This cubic phase transition indicates the expul
sion of the cubosome-encapsulated water content. Such pH-responsive 
interactions of the tailored nanoparticle can be harnessed for oral drug 
and bioactive delivery in biologically relevant systems. 

In the current study, we successfully encapsulated acemannan, the 
primary bioactive compound derived from Aloe vera extract, within 
hybrid biopolymers-lipid cubosomes. Aloe vera is widely recognized as a 
medicinal plant used for the prevention and treatment of various health 
conditions, including skin diseases, metabolic and gastrointestinal dis
orders, cardiovascular diseases, and cancers [18]. The leaves of this 
plant serve as a source of polysaccharides stored in the mucilaginous 
reserve parenchyma [19,20]. Among the polysaccharide group, ace
mannan, a glucomannan β (1,4)-linked glucose chain with acetyl groups, 
plays a crucial therapeutic role [21]. 

Previous studies have demonstrated that acemannan possesses 

antioxidant properties capable of mitigating damage caused by free 
radicals [22]. Furthermore, acemannan has been shown to stimulate the 
proliferation of skin cells by activating the AKT/mTOR signaling 
pathway in fibroblast cells [23]. It also upregulates pro-inflammatory 
cytokines such as interleukin -6 and -8 [24]. Recognized as a potential 
immunomodulatory agent, acemannan was described to significantly 
induce phenotypic maturation of immature dendritic cells and enhance 
their functionality by increasing allogeneic mixed lymphocyte reaction 
and interleukin-12 production [25]. The plethora of beneficial activities 
makes it a valuable component for the healthcare industry, serving as a 
main ingredient in hydrogels used for treating burn injuries and pro
moting bone formation in implants [26,27]. Despite its current limited 
use in nanoparticles, incorporating acemannan into these nanodevices 
has the potential to improve local and systemic administration, thereby 
boosting biological activities. 

In this study, we examine the encapsulation of acemannan in hybrid 
cubosomes focusing on the reactivity of the bioparticle’s internal crys
talline network. Their structural variations are explored as a strategy for 
developing smart and responsive nanoparticles. The potential applica
tion of acemannan-encapsulating bionaonoparticles is assessed through 
interactions with different model membrane systems, such as 
nanometer-sized liposomes, under varying temperature and pH condi
tions mimicking the gastrointestinal environment. Incubation of the 
cubosomes with giant unilamellar vesicles (GUVs) reveals a variety of 
morphological changes in the vesicle structure. We evaluate and discuss 
the bioparticles in terms of their structure and their implication for 
function on mimetic cell membranes. 

2. Materials and methods 

2.1. Materials and reagents 

The stock solutions of lipid monoolein (1-oleoyl-rac-glycerol, 99 %) 
and Pluronic F127 (99 %) purchased in powder form (Sigma-Aldrich) 
were prepared in chloroform at concentrations of 200 and 100 mg/mL, 
respectively. The lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho
line (POPC, 99 %, Avanti Polar Lipids, Birmingham, AL, USA) was dis
solved in chloroform at 100 mg/mL (for liposomes) or 1 mg/mL (for 
GUVs) and the fluorescent dye Abberior STAR 488 NHS ester (Abberior 
GmbH, Göttingen, Germany) at 0.5 mg/mL in dimethyl sulfoxide. For 
confocal microscopy, ATTO 647 N-DOPE (Sigma Aldrich) was added to a 
concentration of 0.1 mol% of total lipid. Chitosan-N-arginine (CHarg) 
was synthesized, purified, and characterized as previously described 
[28] with a degree of deacetylation of 95 %, an average molecular 
weight (MW) of 135 kDa, and a yield of 3.5 % of monomers linked with 
arginine. Alginate (Alg) was from Sigma-Aldrich with MW 200 kDa and 
contained 61 % mannuronic acid and 39 % guluronic acid units. CHarg 
and ALG were individually dissolved in acetate buffer pH 4.5 (40 mM) at 
5 mg/mL with overnight stirring followed by 5 min bath sonication. 
Acemannan BiAloe® in powder extracted from certified organic Aloe 
vera was provided by Lorand Laboratories (Houston, TX, USA) with MW 
17 kDa. Gastric buffer pH 2.5 was prepared with potassium chloride and 
hydrochloric acid and intestinal buffer pH 7.4 with disodium phosphate 
and citric acid, both at 80 mM. Sucrose and glucose were purchased 
from Sigma Aldrich. All reagents were of analytical grade. Purified water 
was from a MilliQ system (Millipore Corp.) with a resistivity of 18 MΩ/ 
cm and a total organic carbon value under 15 ppb. 
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2.2. Preparation of bioparticles and liposomes 

The cubosome bioparticles with a polymer shell (PS-Cub) were 
produced in glass vials using 50 mg of monoolein and 3.5 mg of Pluronic 
F127 (PF127) dissolved in chloroform. For fluorescent samples, an 
amount of 0.1 mg of Abberior Star 488 was included. The solvents were 
evaporated under a nitrogen gas stream, producing a film inside the 
glass vial. For samples with bioactive, acemannan (Ac) was prepared 
separately dissolved at 20 mg/mL in purified water. 250 μL of Ac solu
tion was added to the monoolein-PF127 film and left to rest for 45 min. 
Then, 528 μL of chitosan-N-arginine and 53 μL of alginate solutions were 
added, bringing the final volume to 3 mL with the desired buffer pH, 
namely pH 2.5 or pH 7.4. The mixture was vortexed for 2 min and placed 
in an ultrasonic bath for 5 min (40 kHz, Eco-Sonics Q3.0L, Brazil). The 
procedure was repeated 10 times. To remove the free dye used to label 
the samples for confocal microscopy visualization, the cubosome sus
pension was centrifuged (5000 rpm, 4 ◦C, 15 min) in an Amicon Filter 
Unit and the supernatant was discarded and replaced for buffer. This 
procedure was repeated twice. 

For the production of liposomes, 330 μL of POPC dissolved in chlo
roform was placed in a glass vessel and the solvent was evaporated 
under a nitrogen gas stream to create a film inside the glass vessel. Then 
1 mL of the different buffers with pH 2.5 or 7.4 were added to individual 
samples. The liposomes were produced via self-assembly using a tip 
sonicator (125 W, 10 %, Q125 Sonicator, Qsonica, Newtown, CT, USA) 
for 10 min in an ice bath. 

2.3. Preparation of giant unilamellar vesicles 

Giant unilamellar vesicles (GUVs) were prepared via the electro
formation method. [29] A POPC lipid stock solution in chloroform 
(10–20 μL, 1 mg/mL) containing 0.1 mol% ATTO 647 N-DOPE was 
spread on two conductive glass substrates coated with indium tin oxide 
(ITO, PGO GmbH, Iserlohn, Germany). The lipid films were dried in a 
desiccator under constant vacuum pumping for around 1 h. A rectan
gular Teflon frame of 1.6 mm thickness was used as a chamber spacer 
between the two opposing ITO glass substrates. The coated ITO surfaces 
acted as electrodes. Approximately 2 mL of 10 mM sucrose solution was 
introduced into the chamber through a 0.22 μm sterile filter (Millipore). 
An alternating electric field of 1.5 V (peak-to-peak) and 10 Hz was 
applied using a function generator (Agilent 33220A 20 MHz function/ 
arbitrary waveform generator) for 1–2 h. After electroformation, the 
vesicle suspension was carefully transferred to an Eppendorf vial. The 
vesicles were diluted in an isoosmolar glucose solution (pH 7.0). Os
molarities were adjusted with the osmometer Osmomat 030 (Gonotec, 
Germany). The samples were used within 2 h. 

2.4. Encapsulation efficiency and release 

The encapsulation efficiency of acemannan in AcPS-Cub was deter
mined using the centrifugal ultrafiltration method [30]. After a 
sequence of 10 vortex-sonication procedures described by Mathews 
et al., [16] the AcPS-Cub was transferred to an Amicon Ultra-15 Cen
trifugal Filter Unit (MWCO 3 kDa, Millipore Corp., MS, USA) and 
centrifuged at 25 ◦C for 50 min at 5000 rpm in a microcentrifuge. The 
filtrate was collected and measured via spectrophotometry at 196 nm 
(Ultrospec UV − visible GE 8000). The procedure was performed in 
triplicate. In parallel, a standard calibration curve was constructed by 
spectrophotometry of solutions of pure acemannan, dissolved at 
different concentrations in the same aqueous solution as the particles, 
corresponding to 6 to 100 % of the concentration included in the 
cubosomes preparation. The concentration of Ac encapsulated in the 
cubosomes was calculated using the standardized calibration curve 
based on absorbance versus concentration [31]. 

The in vitro release of acemannan from the bioparticle was evaluated 
by dialysis. After preparation, AcPS-Cub samples were individually 

dispersed in the mimetic gastric (pH 2.5) and intestinal (pH 7.4) solu
tions of 3 mL for each condition and subsequently transferred to dialysis 
bags (nitrocellulose membrane, MWCO 3500, Servapor) previously hy
drated in purified water. The filled dialysis bags were left suspended in a 
beaker containing 100 mL of the corresponding buffer and maintained at 
37 ◦C for 36 h. The systems were continuously stirred at 100 rpm, and an 
aliquot of 1.5 mL was withdrawn from the beaker at determined in
tervals (10, 20, and 30 min; 1, 2, 4, 6, 8, 24, 26 and 28 h) and the 
absorbance measured as described above. The volume in the beaker was 
kept constant by adding the equivalent buffer solution. The cumulative 
released concentrations were also calculated using the standardized 
calibration curves based on absorbance versus concentration obtained 
for the range of acemannan concentrations dissolved in the same solu
tions as the bioparticles. The release experiments were performed in 
triplicate. 

To evaluate the release mechanism in both pH conditions, zero- 
order, Higuchi, and Korsmeyer-Peppas mathematical models were 
applied, [32] following the respective equations: 

Q(t) = Q0+K0t (1)  

where Q is the amount of acemannan released at time t, Q0 is the initial 
acemannan amount, and K0 is the zero-order release constant, 

Q(t) = KH√t (2)  

where KH is the release rate constant, and 

M(t)
M∞

= KKPtn (3)  

where M(t)/M∞ is the acemannan released fraction at time t, KKP is the 
release rate constant, and n is the release index. Data were adjusted with 
linear regression of the initial 8 h release, and the square correlation 
coefficient (R2) was acquired [33,34]. 

2.5. Dynamic light scattering and zeta potential 

Dynamic light scattering (DLS) and zeta potential measurements 
were performed in 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 
liposome or cubosome dispersions were diluted to 1 mL with the cor
responding buffer of interest. DLS measurements were made with the 
samples in folded capillary zeta cells and scattering was acquired at 
173◦. The autocorrelation function was acquired by exponential spacing 
of the correlation time. The data analyses were performed with software 
provided by Malvern. The intensity-weighted size distribution was ob
tained by fitting data with a discrete Laplace inversion routine. Size 
determination was made using the Stokes-Einstein relation and the 
polydispersity was accessed by cumulant analysis of the correlation 
functions measured by DLS applying the amplitude of the correlation 
function and the relaxation frequency. The second-order cumulant was 
used to compute the polydispersity of samples. Each determination was 
obtained from three consecutive measurements. The colloidal particle 
size was expressed as hydrodynamic diameter. 

Zeta potential was measured in the same chamber using the same 
instrument and data were acquired performing at least 100 runs per 
sample. The principle of the measurement is based on laser Doppler 
velocimetry and the electrophoretic mobility was converted to zeta 
potential using the Helmholtz Smoluchowski relationship and the data 
were obtained in mV. 

2.6. Cryogenic transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo-TEM) was per
formed at the Brazilian Nanotechnology National Laboratory (LNNano, 
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CNPEM, Campinas, Brazil). Samples were prepared in a controlled 
environment with temperature and humidity conditions set at 22 ◦C and 
100 %, respectively, using an automated vitrification system (Vitrobot 
Mark IV, FEI, Netherlands). A lacey carbon-coated copper grid (TED 
Pella, Redding, USA) of 300-mesh was employed, being the same sub
mitted to a glow discharge treatment generated by an easiGlow® (Pelco) 
discharge system with a negative current of 15 mA during 10 s. 
Following, a 3 μL drop of the sample was deposited on the copper grid 
and an automatic blotting was performed to dry the excess sample with a 
negative blotting force. Then, the grid was rapidly plunged into liquid 
ethane wrapped into a liquid nitrogen environment. Finally, grids were 
transposed to a grid box in liquid nitrogen, and measurements were 
made in a Jeol JEM-2100 transmission electron microscope operating at 
200 kV. The samples were analyzed under low-dose conditions with the 
defocus in a range between − 2 and − 4 μm. The snapshots were acquired 
with a CMOS F-416 camera using EMMENU software, version 4.0.9.52 
(TVIPS, Germany). The obtained photomicrographs were processed 
employing ImageJ® software to analyze the particle’s internal structure 
with image digital treatment by Fast Fourier Transform (FFT). 

2.7. Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) experiments were performed at 
the Crystallography Laboratory, Institute of Physics, University of São 
Paulo (USP, São Paulo, Brazil) in a SAXS set-up with a GeniX 3D copper 
anode source from Xenocs and a Pilatus 300 k detector [35]. Each 
sample was introduced in a thin-walled glass capillary tube for X-ray 
diffraction (2 mm diameter, Charlessupper, Westborough, MA, USA) 
and measured for 60 min at 21 ◦C with a sample-detector distance of 
0.66 m. The SAXS data were azimuthally integrated and averaged over 
five consecutive runs. The scattering vector modulus q = 4πsin θ/λ, with 
2θ being the scattering angle and λ being the X-ray wavelength of 1.548 
Å, ranged from 0.026 to 0.260 Å− 1. 

For cubic symmetry determinations, the relation between the lattice 
parameter a and the spacing, q (hkl) of the diffraction peaks is given by: 

a =
2π

q(hkl)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(4)  

where (hkl) are the Miller indices of the Bragg reflections corresponding 
to a given cubic symmetry [36]. By plotting q versus 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
, 

where q is the peak position along the scattering vector axis, the slope of 
the linear fit to the data equals the inverse of the lattice parameter. 

2.8. Isothermal titration calorimetry 

The isothermal titration calorimetry (ITC) measurements were per
formed in a VP-ITC micro-calorimeter (MicroCal Inc., Northampton, 
MA). Initially, the samples were degassed for 5 min under reduced 
pressure to avoid the interference of air bubbles during measurements. 
Following the standard procedure, the working cell of 1.4576 mL in 
volume was filled with 5 mM POPC liposomes in buffer at pH 2.5 and 3 
mM POPC liposomes in buffer at pH 7.4. The specific and different POPC 
concentrations were revealed to be necessary in repeating the experi
ment several times to obtain the saturation of binding sites in the 
titration for each pH. One aliquot of 2 μL followed by 27 aliquots of 10 
μL of AcPS-Cub suspension containing 45 mM monoolein and dispersed 
in the respective buffer were injected stepwise into the working cell with 
a 400 s interval between consecutive injections. The sample cell was 
constantly stirred at 307 rpm, and the experiments were performed at 
37 ◦C. The corresponding control experiments were also performed, 
namely, titration of AcPS-Cub-free buffer in the liposome suspension, 
and titration of AcPS-Cub suspension in the liposome-free buffer, and 
the obtained heats of dilution were subtracted from the main experi
ments. The data acquisition and analyses were carried out with Origin 
software provided by MicroCal. The data fitting was performed by 

applying the single set of identical binding sites model, as previously 
described, using a non-linear least square fitting [17]. 

2.9. Laser scanning confocal microscopy 

The POPC giant vesicles and cubosomes were transferred into an 
observation chamber, which was assembled with two glass coverslips 
separated by a rubber spacer. The sample was observed with a confocal 
microscope (Leica TCS SP5) with a 63×, 1.2NA water immersion 
objective. The fluorescent dyes in the GUVs and the cubosomes were 
excited with a laser at 633 nm (He-Ne laser) and 488 nm (Argon), and 
the emission signals were collected around 645 nm and 525 nm for 
ATTO 647 N and Abberior STAR 488, respectively. The images and time- 
lapse movies were recorded and analyzed with the Leica Application 
Suite ×1.6.0 software. 

3. Results and discussion 

3.1. Colloidal features 

The monoolein cubosomes containing the biopolymers chitosan-N- 
arginine and alginate as the polymers shell, referred to as PS-Cub, were 
initially compared to those encapsulating the acemannan bioactive from 
Aloe vera, denoted as AcPS-Cub. The encapsulation efficiency of ace
mannan, determined by an independent triplicate procedure of the 
centrifugal ultrafiltration method, was found to be approximately 92 ±
2 %, indicating a high capability for encapsulating the bioactive in the 
crystalline bioparticle. Table 1 presents dynamic light scattering results 
for both samples under acidic and slightly alkaline conditions. It is 
evidenced that the colloidal characteristics of PS-Cub were not altered 
by the incorporation of acemannan. In particular, the hydrodynamic 
diameters ranged from 280 to 296 nm at pH 2.5 and from 662 to 685 nm 
at pH 7.4, with a relatively higher polydispersity in the acidic solution. 

Considering the zeta potential, at low pH, both samples exhibited a 
neutral to slightly positive surface charge, while at pH 7.4 both samples 
displayed a mildly negative surface charge. The results affirm the fairly 
pH-responsive feature of PS-Cub provided by the biopolymers acting as 
effective polyelectrolytes. At low pH, chitosan is protonated and alginate 
is neutral, whereas at pH = 7.4, chitosan is predominantly neutral and 
alginate is negatively charged. This accounts for the observed decrease 
in zeta potential, along with the expansion of the particles, as previously 
described [16]. Nevertheless, the inclusion of acemannan in the parti
cles effectively did not alter their hydrodynamic size, surface charge, 
and pH responsiveness. 

3.2. Hybrid bioparticles ultrastructure 

The colloidal samples ultrastructure was visualized using cryo-TEM. 
This technique preserves the structure of the particles under study and 
enables the analysis of their crystalline organization. Fig. 1 shows 
representative snapshots of the nanoparticles, highlighting the struc
tural similarities and differences between them. 

Fig. 1a shows a cryo-TEM photomicrograph of a plain cubosome 
produced without biopolymers. The snapshot evidences a sharp cubic 

Table 1 
Colloidal characteristics of polymer shell-cubosomes (PS-Cub) without and with 
acemannan (Ac) in acid and alkaline solutions in terms of hydrodynamic 
diameter (D), polydispersity index (PDI), and zeta potential (at pH 2.5 the zeta 
potential measurements are within the error limit).  

Sample pH D (nm) PDI Zeta (mV) 

PS-Cub  2.5 280 ± 65  0.34 +5 ± 6 
AcPS-Cub  2.5 296 ± 58  0.31 +5 ± 6 
PS-Cub  7.4 685 ± 107  0.25 − 18 ± 6 
AcPS-Cub  7.4 662 ± 92  0.27 − 14 ± 4  
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particle with an internal crystalline pattern, characteristic of monoolein 
cubosomes of Im3m cubic symmetry [37], as evaluated by FFT (see inset 
in the upper right corner). Fig. 1b and 1c show a PS-Cub and AcPS-Cub, 
respectively, with less sharp surfaces evidenced by the presence of 
lamellar phase surrounding the main external surface of the particles. 
Nevertheless, it is evidenced that both plain cubosomes and function
alized cubosomes, dispersed in a strong-acidic solution with a pH of 2.5, 
preserved the internal crystalline structure of Im3m symmetry. 

Fig. 1d presents an example of a PS-Cub dispersed in a solution of pH 
7.4. Under this condition, cryo-TEM analysis revealed changes in the 

particle surface, showing an apparent increase in surface lamellarity. 
While the internal Im3m cubic symmetry was still preserved, a loss of 
the cubic appearance of the particles and reduced sharpness of the cube 
edges can be observed. 

Remarkably, the AcPS-Cub at pH 7.4 shown in Fig. 1e and f, exhibit 
distinct structural features. While the surface lamellarity and the 
reduction of cube edge curvature were still observed, these samples 
showed a greater variety of particle shapes, concomitant with the for
mation of larger-size particles. More notably, a marked differentiation in 
this sample was the presence of an inverse hexagonal (HII) phase, which 

Fig. 1. Cryo-TEM photomicrographs of a plain cubosome without polymer surface functionalization (a), a PS-Cub (b) and two AcPS-Cub (c), all acquired on samples 
at pH 2.5, and PS-Cub (d) and AcPS-Cub (e,f) acquired on samples at pH 7.4. The insets in the upper right corners show the Fast Fourier Transform (FFT) analysis. The 
black-framed inserts show amplified regions to better visualize the crystalline patterns. The red hexagonal form and regions delineated in red evidence the hexagonal 
pattern and the hexagonal phase in specific regions of the AcPS-Cub particles. The blue arrows point to lamellar structures formed at the surface of the particle and 
protruding as round vesicular caps; some of these structures appear to have fused to form large vesicular protrusions of a few 100 nm height (green arrowheads). All 
scale bars are 100 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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additionally modified the particles’ internal structure. The regions 
marked in red in Fig. 1e and f indicate the HII phase, confirmed by the 
FFT analysis. This shows that these particles undergo a partial phase 
transition from mainly the Im3m phase to HII upon incorporation of 
acemannan. This partial phase transition apparently influenced the 
structure of the whole particle, resulting in particles of different shapes. 
Note that the particle shown in Fig. 2f exhibits a HII region predomi
nantly in the left corner. This leads to the rest of the structure being bent 
to the right, suggesting that phase transition changed the particle shape. 

Another remarkable observation from the cryo-TEM analysis was 
that the AcPS-Cub in pH 7.4 presented a softened structure. During 
imaging, many particles were found lying at the corners of the copper- 
grid sample support. As shown in Fig. 1e, the particle rests on the 
right boundary of the grid, adopting the grid curvature. Therefore, we 
speculate that the inclusion of acemannan induced a certain softening of 
the cubosomes, presumably providing an increment in the fluidity or 
deformability of the particles. 

Considering the information provided by the cryo-TEM analysis as a 
whole, it is evident that surface lamellarity on the cubosomes is caused 
by the biopolymers, which are pH-responsive, leading to surface 
changes at pH 7.4, as described above. This affirms that the polymer’s 
shell formation influences the curvature of the monoolein lipid bilayers, 
drastically reducing it and generating surface lamellas of lower curva
ture. In a study conducted by Demurtas et al. [38], cubosomes produced 
with glycerol monolinoleate as the main lipid component exhibited 
surface lamellarity after being heated to 100 ◦C for 40 min and then 
cooled down. Membrane fusion events and interlamellar attachments 
occurred at the particle surface, providing a thick lamellar phase at the 
particle-water interface. In our samples, such surface characteristics 
(some indicated by arrows in Fig. 1f) were facilitated by the biopolymers 
and possibly enhanced by acemannan, without the need for heat treat
ment. The presence of surface lamellarity on cubosomes can impact at 
least two important properties for bioactive delivery. One is related to 
the stability of the particles, as vesicular caps prevent the lipophilic part 
of the lipid bilayer from coming in contact with water at the water- 
cubosome interface [38,39], hence influencing the colloidal stability. 
Additionally, with the surface lamellarity, the cubosome water channels 

that open to the outside on the particle surface are isolated from the 
bulk-dispersing water, i.e., the lamellar caps can act as packing covers, 
thus retarding the release of the encapsulated content. This configura
tion can influence the release of encapsulated bioactives, especially 
hydrophilic components such as acemannan, leading to more prolonged 
or sustained release. The lamellarity effect provided by the biopolymers 
is apparently highly pronounced at pH 7.4, resulting in the formation of 
crystalline particles with less sharp corners, as shown. In contrast, for 
the same particles at pH 2.5, the cubic shape is rather preserved, even in 
the presence of acemannan from Aloe vera. 

Furthermore, the remarkable crystalline phase transition from cubic 
to hexagonal phase can be attributed to the presence of acemannan in 
the PS-Cub structure when dispersed in a solution of pH 7.4. This 
transition occurred in a solution of pH 7.4 but not of pH 2.5, indicating 
the pH-responsive nature provided by the biopolymers under slightly 
alkaline condition, which further facilitated the phase transition pro
moted by acemannan. Therefore, a synergistic effect between the bio
polymers and acemannan should not be disregarded. The cryo-TEM 
analysis of the different crystalline structures of the cubosomes was 
confirmed and further quantitatively analyzed through SAXS, as 
detailed below. 

3.3. Crystalline structure and nanochannels 

Fig. 2 shows SAXS curves obtained for the different cubosome sam
ples. The results confirm the crystalline structures observed by cryo- 

Fig. 2. SAXS patterns correlating intensity (I) with wave vector (q) for PS-Cub (dark blue curves) and AcPS-Cub (light blue curves) dispersed in solutions of pH 2.5 
(a) and pH 7.4 (b). Bragg peaks for identified cubic and hexagonal phases are indicated by arrows on the upper curves. See text for more details. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
SAXS results for polymer shell-cubosome (PS-Cub) without and with acemannan 
(Ac) in acid and alkaline solutions in terms of first Bragg peak position (q), 
respective identified crystalline phase and lattice parameter (a).  

Sample pH 1st q (A-1) Phase a (nm) 

PS-Cub  2.5 0.0592 Im3m 15.3 
AcPS-Cub  2.5 0.0572 Im3m 15.5 
PS-Cub  7.4 0.0590 Im3m 15.0 
AcPS-Cub  7.4 0.0737 – 0.1161 Im3m – HII 12.0 – 5.4  
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TEM and additionally provide precise quantitative data and specific 
topologic phase determination (Table 2). Fig. 2a comparatively shows 
the SAXS curves for PS-Cub at pH 2.5 without (upper blue curve) and 
with acemannan (lower light blue curve) evidencing high similarity 
between these samples. The down-pointing arrows indicate the Bragg 
reflection peaks with positions spaced in the ratios √2: √4: √6: √8: 
√12: √14, which index the crystalline cubic phase as corresponding to 
the Im3m symmetry, equally found for both curves. 

Fig. 2b shows the result for PS-Cub particles at pH 7.4 (dark blue 
curve) exhibiting a similar profile to the samples in acidic conditions, 
indexing the same Im3m cubic symmetry. However, for the AcPS-Cub 
upper curve, a noticeably distinct profile emerges. Various Bragg re
flections can be identified in this curve, e.g., the up-pointing purple 
arrows indicate a sequence of three reflections which index in the ratios 
√2: √4: √6, once again corresponding to the Im3m space group. The 
two down-pointing green arrows signify the first reflections that corre
spond to the inverse hexagonal phase (HII) and indexing in the ratio 1: 
√3. The presence of both crystalline phases in the same sample, as 
evidenced by the SAXS results, confirms the microscopic observations 
addressed above, corroborating the partial phase transition from cubic 
to hexagonal phase. 

It is worth noting the first Bragg peak position for both samples at pH 
2.5 and for PS-Cub at pH 7.4 was nearly identical. Thus, besides the peak 
indexing confirming the Im3m cubic symmetry, the SAXS analysis also 
provided the crystalline lattice parameter distances (a) of the internal 
particle structure (Table 2). As shown, a was also similar and approxi
mately 15 nm, characterizing the internal space of the cubosome 
bicontinuous aqueous labyrinths for encapsulating bioactives. 

At pH 7.4, the AcPS-Cub particles exhibited a noticeable shift in the 
Bragg reflections in the q range, resulting in a reduction of a from around 
15 to 12 nm in the Im3m network. While a reduction of 3 nm may seem 
minor, when considering the entire particle, it translates to a reduction 
of 300 nm in distance for every 100 neighboring cubic labyrinths. This 
implies a squeezing out of the internal aqueous content, leading to 
structurally highly hydrophobic particles, considering the ratio between 
the hydrophobic hydrocarbon chains of the lipid and the internal water 
content. Interestingly, despite this reduction, the overall particle 
colloidal size was not affected, as shown in Table 1 and with cryo-TEM 
analysis, revealing even some larger particles nearing one micrometer in 
diameter. These results suggest the possibility of aggregation and a 
fusion-like process occurring in AcPS-Cub at pH 7.4, possibly associated 
with the apparent softening of the particles likely provided by ace
mannan. In related studies, Rodrigues et al. [40] demonstrated that the 
presence of acemannan in films made of chitosan and alginate led to 
increased material flexibility, highlighting the significant influence of 
acemannan on molecular interactions and moisture enhancements 
provided by the bioactive, ultimately affecting the structure and me
chanical properties of the material. 

The prominent hexagonal phase revealed in the corresponding SAXS 
curve (Fig. 2b) for the same sample is characterized by a sharper and 
relatively higher intensity Bragg peak compared to the concomitant 
peaks for the cubic phase (up-pointing arrows). Indexing analysis 
showed a reduced a value of 5.4 nm (Table 2), indicating an area 
decrease in the particle internal nanochannels. A similar reduction in a 
was previously observed in the transition between different cubic phases 
in chitosan-lipid hydrogel [41]. Thus, the partial transition from cubic to 
hexagonal phase implicates a significant decrease in the internal crys
talline spaces [42], leading to a reduction in the area of the nano
channels and subsequently squeezing out of the aqueous content. The 
presence of acemannan in the PS-Cub at pH 7.4 promoted a change in 
the membrane curvature of the monoolein lipid bilayers building the 
crystalline network. This change involved an increase in the bilayers’ 
negative mean curvature [43], likely due to an expansion of the hy
drophobic part of the lipids and/or a reduction of the lipid polar head 
area, thus enabling the transition to the inverse hexagonal structure 
[43,44]. As shown, this transition initially reduced the water channels of 

the cubic phase, decreasing the lattice distance by around 3 nm, fol
lowed by a partial transition to the inverse hexagonal phase with higher 
lipid membrane curvature, further shortening the lattice distance and 
resulting in a significant reduction of the water channels. 

Additionally, the excess increase in membrane curvature in the 
particle crystalline network may be offset by an increase in particle 
surface lamellarity, as evidenced by vesicles formation (Fig. 1f), 
resulting from a drastic reduction of bilayer curvature. Misquitta and 
Caffrey [45] observed a direct transition from the cubic to the lamellar 
phase of monoolein cubosome in the presence of high levels of n-alkyl- 
β-D-glucopyranosides detergents. The previous research and the present 
study highlight the influence of various nonionic components on the 
physical structure of high-viscosity monoolein bilayers, thereby altering 
the inherent mesophase organization, which can be advantageous for 
producing smart nanoparticles. 

Furthermore, in more complex digestive conditions, it is known that 
the monoolein lipid is sensible to digestion [46,47]. This is because 
glyceride lipids possess an ester bond susceptible to lipase enzymes in 
the gastrointestinal tract. Due to the enzymatic degradation action of 
lipase enzymes on monoolein, the liquid crystalline structure of bare 
cubosomes can be disrupted in the digestion medium. In a SAXS study of 
cubosomes incubated in gastric and intestinal medium containing cor
responding enzymes, Nguyen et al. [48] characterized an initial 
decrease in the cubosome lattice parameter, and after 18 h a transition to 
non-liquid crystalline inverse micellar (L2) structures was unveiled. 
Hence, the digestibility of monoolein can lead the crystalline structure of 
cubosome to break down, which can be pivotal to providing a specific 
release profile of encapsulated bioactives [46,48,49]. By contrast, chi
tosan, which in our study is the main component in the polymer shell 
over the cubosome surface, cannot be degraded in the stomach or small 
intestine, being degraded by specific enzymes produced by the colonic 
microflora [50]. Although our study was performed without lipase en
zymes, taking into account the chitosan stability together with the 
increased lamellarity produced on the bioparticle surface as shown in 
Fig. 1, we speculate that the biopolymers shell may confer relative 
protection to the known monoolein degradation in the gastrointestinal 
tract, hence protecting the cubosome crystalline structure. Indeed, the 
protection capability of chitosan on lipid-based nano and microparticles 
has been addressed previously by us and others. [42,51,52] Further 
studies in simulated digestive mediums will be performed in the future 
to analyze the stability of the bioparticles to the enzymes. 

3.4. Acemannan release from hybrid crystalline bioparticles 

Fig. 3 shows the cumulative release of the encapsulated acemannan 
in the biopolymers-lipid cubosome. The release, performed under 
simulated gastric and intestinal pH conditions, was attenuated over 
time. At pH 2.5, a slight initial burst release was observed, reaching an 
average of 18 % within the first 10 min. The release continued with 
slightly gradual increases to around 27 % after one hour. The maximum 
average release achieved at pH 2.5 was 50 %, reached at 6 h of dialysis, 
and then stabilized. 

Contrary to the data at acidic conditions, at pH 7.4, no initial burst 
was observed and the highly attenuated release during the first 2 h 
showed reduced and reproducible release percentages (with ratter lower 
standard deviation), reaching an average of 17 % release in this period. 
Between 4 and 8 h, there was a higher release, averaging 36 % at 6 h, 
followed by a further increase after 28 h of dialysis, reaching a 
maximum average release of 68 %, which then stabilized. From 4 h 
onwards, there was a notable increase in standard deviation, as shown in 
Fig. 3. This variation could be associated with the particle’s partial in
ternal crystalline phase transition from Im3m cubic symmetry to the 
inverse hexagonal HII phase, as discussed in the previous section, 
although long-term time-resolved SAXS experiments could not be per
formed at this point. The squeezing out of the aqueous content from the 
crystalline network due to the expressive reduction of lattice parameter 

R.R.M. Madrid et al.                                                                                                                                                                                                                           



Journal of Colloid And Interface Science 673 (2024) 373–385

380

distances in both Im3m and the resulting HII phase might be responsible 
for acemannan release at pH 7.4. Despite this, during the first 8 h, the 
release at pH 7.4 was consistently lower than the release at pH 2.5, on 
average, indicating the pH-responsive nature provided by the 
biopolymer shell on the cubosome surface [16]. The initial burst release 
at pH 2.5 (responsible for the subsequent higher release percentages in 
gastric conditions) can be attributed to the conformation change of the 
polymers-shell in the strongly acidic conditions, where despite the 
maintenance of chitosan-N-arginine protonation, alginate loses its 
negative charge on the carboxyl groups along the macromolecule 
monomers, resulting in a rather hydrophobic backbone [53]. However, 
the polymers-shell on the cubosome surface comprises a non- 
stoichiometric polyelectrolyte complex [28], since a relative excess of 
chitosan-N-arginine was included in the formulation. This excess of the 
positively charged polymer may have protected the alginate backbone 
from fast deionization at pH 2.5, prolonging the deionization and 
leading to a slower conformational change of the polymers-shell 
entangled network. Hence, during this conformational change of the 
shell, the cubosome surface may have been highly exposed to the 
dispersing solution, facilitating aqueous exchanges and boosting ace
mannan release to 18 %. Such conformational changes of the polymers- 
shell on the cubosome surface are likely responsible for the initial burst 
release of acemannan at pH 2.5. Once these conformation changes are 
complete, a new equilibrium within the biopolymers-shell network is 
reached, rendering alginate highly hydrophobic. This shell now impedes 
the aqueous exchanges between the cubosome labyrinths and the exte
rior, attenuating acemannan release. In a previous SAXS study of the 
complex coacervates of chitosan-N-arginine and alginate in various pH 
conditions [28], it was shown that in strong acid, the complexes present 
mass fractal structures with loosely interconnected chains, while in 
moderately alkaline solutions, a transition from mass to surface fractal 
occurs, resulting in rough and dense surface where the interface between 
particles and the aqueous medium is diffuse. Such features of the bio
polymers likely further influence the observed release profiles, with the 
denser macromolecule shell at pH 7.4 better hindering the bioactive 
release compared to the looser chains at pH 2.5. Notwithstanding, the 
cumulative release study shows overall a sustained release of ace
mannan from the PS-cubosome under both gastric and intestinal simu
lated pH conditions, highlighting its potential for oral delivery 
applications. 

Aiming to compare the mechanism and kinetics of acemannan 
release from bioparticles in both pHs, the release data for the first 8 h 
period was analyzed applying Higuchi, zero-order, and Korsmeyer- 
Peppas models [32–34]. The fit according to the Higuchi model 
(Fig. 3, insert) provided the most suitable results, with the highest 
square correlation coefficient R2 = 0.9676 for pH 2.5 and 0.9627 for pH 
7.4. By fitting data with zero-order and Korsmeyer-Peppas, the co
efficients were around 0.91 (data not shown) and thus no further 
considered. Higuchi’s model (equation (2)) is based on Fick’s Law where 
the release occurs by diffusion and the cumulative released amount is 
proportional to the square root of time [32]. For this model, the obtained 
release rate constant KH = 13.42 ± 1.43 for pH 2.5 and 14.06 ± 1.61 for 
pH 7.4, thus showing high similarity in both pH conditions. Thereby, the 
results evidence that the sustained release of acemannan from the bio
particles is controlled by Fickian diffusion in pH 2.5 and 7.4, given the 
hydrophilic character of the bioactive. 

3.5. Thermodynamic interaction with lipid membranes 

The importance of studying the interactions of new nano or bio
particles with lipid model membranes lies in the fact that cell mem
branes are predominantly composed and structured by lipid bilayers. 
Thus, lipid model membranes serve as a valuable tool to evaluate the 
effects resulting from these interactions, and to predict whether they 
may perturb cell membranes, potentially leading to endocytosis, or even 
influencing the apoptosis process [54]. Ultimately, understanding the 
nature of these interactions can inform the choices of molecules and the 
proper design of particles, for their intended applications. 

In this context, thermodynamic interactions play a crucial role, 
stemming from physicochemical characteristics such as size, 
morphology, surface charges, and dispersion conditions. Here, we sys
tematically evaluated the thermodynamics of interaction by applying 
the same gastric and intestinal simulated pH conditions as for the release 
experiments and using POPC liposomes as model membranes. By 
titrating AcPS-Cub in the liposome solution, ITC detects the heat 
released from the interaction in terms of kcal/mol of monoolein, the 
cubosome main component, as a function of the molar ratio between 
monoolein and POPC. Fig. 4 shows the results for both pH conditions, 
where data fitting (full lines) was achieved by applying the single set of 

Fig. 3. Cumulative release as a function of time of acemannan from AcPS-Cub 
bioparticle at 37 ◦C in simulated gastric (pH 2.5) and intestinal (pH 7.4) con
ditions. Time zero corresponds to the introduction of the sample in the release 
media. Error bars correspond to the standard deviation from the average of 
three independent experiments. Lines are a guide to the eye. The right-inserted 
graphic plots the same results for the initial 8 h period as the square root of time 
and shows the corresponding linear regressions, according to the Higuchi 
release kinetics model. 

Fig. 4. ITC graph to estimate the heat of interaction and binding constant of the 
interactions between the cubosomes (AcPS) and the liposomes (POPC) at 37 ◦C. 
The experiments are performed at pH 2.5 (red) and pH 7.4 (black) which mimic 
the gastric and the intestinal surroundings respectively. The solid curves are 
fitted according to the model for one set of binding sites after subtraction of the 
heats of dilution. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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binding sites model [17]. 
The fits in Fig. 4 yielded the thermodynamic parameters character

izing the interactions as presented in Table 3. The number of binding 
sites N is defined such that 1/N represents the number of accessible 
POPC lipids in the liposome available for binding to monoolein on the 
cubosome at saturation. At pH 2.5, 1/N corresponds to 1.7, and at pH 
7.4, to 4.1 on average. 

The over two-fold increase in available POPC at pH 7.4 indicates a 
stronger thermodynamic interaction between AcPS-Cub and liposomes, 
as corroborated by a higher enthalpy variation of − 1.16 kcal/mol on 
average, compared to the − 0.42 kcal/mol in strong acid. This trend is 
similar to the interaction between the PS-Cub and bovine serum albumin 
in both pH conditions, as previously described [17]. The binding con
stant K, was larger at pH 2.5, although on the same order of magnitude 
as at pH 7.4, indicating effective interacting strength. The exothermic 
nature of the titration for both conditions, is proof of the favored 
interaction between AcPS-Cub and POPC, leading to a decrease in Gibbs 
energy in the order of − 6 kcal/mol on average (Table 3). 

In addition, the entropic contributions expressed by TΔS evidence a 
positive entropy variation in both pH conditions, which may be related 
to conformational changes resulting from the effective interaction. 
Comparing the colloidal characteristics of the particles before and after 
the ITC experiment (as shown in Table 4), POPC liposomes presented 
hydrodynamic diameters around 200 nm and zeta potential values close 
to neutrality in both pH conditions, as expected for zwitterionic lipid 
[55], and size polydispersity approximately in the same order as the 
cubosome particles. 

As indicated in Table 4, the colloidal properties changed after titra
tion, leading to structures of new characteristics in terms of size, with an 
average diameter D of 144 nm at pH 2.5, along with a large increase in 
polydisperisty (PDI) compared to the individual particles, and three 
distinct values for zeta potential. Such results suggest possible disrup
tion of liposomes and/or aggregation induced by interaction with the 
AcPS-Cub, resulting in the formation of a diverse colloidal dispersion 
with particles exhibiting a wide variety in size distribution and surface 
charge. Similarly, at pH 7.4, the size distribution revealed two pop
ulations of particles along with a high PDI, but surprisingly, a single 
almost neutral zeta potential. These results indicate severe structural 
changes resulting from the effective interaction between AcPS-Cub and 
liposomes, qualitatively describing the obtained entropy increase 
determined by ITC, which must comprise a result of the sum of structural 
changes undergone in the interacting particles. Thereby, it is shown that 
the acemannan-carrying bioparticle effectively interacts with lipid 
membranes of high curvature as provided by liposomes. 

Given the above physicochemical features, it is important to consider 
the nature of the interaction with caution. As the ITC thermodynamic 
data reflect the total energy released or absorbed during the interaction, 
it is not possible to differentiate the individual contributions of different 
bonds to the total heat [56]. Indeed, the polymers-shell on the surface of 
cubosome likely plays a crucial role due to the pH-dependent charge 
distribution and conformation characteristics resulting from hydro
phobic and hydrophilic effects [28]. Thus, the polymers-shell leads to 

the specific energetics described above for the individual acid and 
slightly alkaline conditions. It is well known that formation of non- 
covalent bonds (e.g., van der Waals forces, electrostatic interactions or 
hydrogen bonds) is an exothermic process (ΔH < 0) occurring between 
hydrophilic surfaces, whereas desolvation, which involves the release of 
hydration water from the surface of nanoparticles and macromolecules, 
is usually an endothermic process (ΔH > 0) and can result from surfaces 
of hydrophobic nature provided by hydrophobic interactions [56]. 

Furthermore, conformational restrictions and the loss of rotational 
freedom during particles interactions can lead to a decrease in entropy 
(ΔS < 0), while the desolvation process may increase it (ΔS > 0) by 
breaking water hydrogen bonds [57]. Therefore, given the characterized 
exothermic effect alongside entropy gain resulting from structural al
terations of the interacting particles, the different types of interacting 
processes, i.e., non-covalent bonds, hydrophobic effects, and des
olvation describe the complex but effective interaction of the bio
particles with a lipid membrane of high curvature. To qualitatively 
evaluate this interaction with a membrane of low curvature (charac
teristic for cell plasma membranes) we utilized giant vesicles, as 
described below. 

3.6. Effects on giant vesicles 

Giant unilamellar vesicles (GUVs) were employed as a simplified 
model of the cell membrane to assess the interaction with the hybrid 
bioparticles. Due to lipid protonation, stable vesicles cannot be formed 
at very low pH. Thus, the interaction and extent of morphological 
transformations of the GUVs were tested at pH 7.0. Fig. 5 shows a variety 
of pronounced effects induced on POPC giant vesicles when incubated 
with cubosomes, whether unloaded (PS-Cub) or loaded with acemannan 
(AcPS-Cub). As additionally shown in the Supplementary videos, the 
bioparticles led to large-scale deformations of the giant vesicles, 
including outward and inward budding, nanotube formation, generation 
of multiple smaller vesicles from a single larger vesicle, restructuring of 
the GUVs into ones filled with smaller vesicles encapsulating the original 
external aqueous content (Video 5). 

It is evidenced that the morphology of the GUV membrane undergoes 
significant perturbation due to the effective interaction with PS-Cub. 
Comparing PS-Cub (Fig. 5a-c) with acemannan-doped AcPS-Cub under 
the same conditions (Fig. 5d, e), it becomes apparent that in both cases, 
the bioparticles induce a rapid increase in GUV area, resulting in large- 
scale morphological changes. The GUVs in the presence of PS-Cub pro
duce smaller daughter vesicles, which appear as satellites around the 
mother vesicle (and may remain connected via membrane nanotubes, 
Fig. 5c, middle image). This significant increase in membrane area in
dicates the incorporation of material from PS-Cub into the GUVs. 

In contrast, for AcPS-Cub, initially, a large amount of nanotubes were 
observed to form and protrude out of the vesicle membrane (Fig. 5d). 
Outward nanotube formation may be associated with asymmetric 
incorporation of material in the bilayer, resulting in expansion of the 
outer leaflet generating strong positive spontaneous curvature while 
overall increasing the membrane area. Although the nanotube diameters 
are below optical resolution, similar examples are provided by the 
asymmetric insertion of amphiphiles, or ion and macromolecule 
adsorption [58–61]. However, the membrane nanotubes on GUVs 
exposed to AcPS-Cub are not stable. After a few minutes, presumably 
with further insertion of material from the cubosomes, the membrane 
curvature is inverted to positive, leading to the restructuring of the 
entire vesicle from a GUV with outward tubes into a vesicle with a large 
number of smaller inward buds and vesicles (Fig. 5e and Video 5). 

We assume that free acemannan, eventually released from the bio
particles, is present only in a negligible amount in the dispersing solu
tion following the centrifugation procedure. Adding supernatant to the 
GUVs did not produce any detectable changes (data not shown). Alter
natively, acemannan encapsulated in the cubosome nanochannels could 
have been released upon the interaction of the bioparticles with the 

Table 3 
Results for the thermodynamic parameters characterizing the interaction be
tween AcPS-Cub with POPC liposomes at 37 ◦C in gastric and intestinal pH 
conditions as obtained from ITC analysis.  

pH N K 
(102 M¡1) 

ΔH 
(kcal/mol) 

ΔG 
(kcal/ 
mol) 

TΔS 
(kcal/ 
mol)  

2.5 0.580 ±
0.029 

6.06 ±
0.67 

− 0.42 ±
0.03  

− 6.42  6.00  

7.4 0.243 ±
0.085 

4.28 ±
0.56 

− 1.16 ±
0.44  

− 6.21  5.05 

Number of binding sites, N; binding constant, K; molar enthalpy, ΔH; Gibbs 
energy, ΔG; entropic contribution, TΔS. 
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giant vesicle membrane, thus influencing the membrane morphology 
and leading to the above-described excessive tubulation followed by 
spontaneous curvature inversion. It is worth noting that in both condi
tions (PS-Cub and AcPS-Cub), the vesicle membrane preserved stability, 
and no substances permeated the vesicle interior (as evidenced by the 
preserved black interior of the GUVs in Fig. 5). 

The qualitative evaluation of the bioparticles’ interaction with GUVs 
reveals that they effectively interact and fuse with a lipid membrane of 
low curvature, such as in GUVs. Interestingly, despite the drastic 
changes as shown in Fig. 5 and in the Supplementary videos, no vesicle 
collapse was observed, indicating no membrane rupture or lysis 
occurred, despite the various types of morphological transformations. 
Hence, this observation, coupled with the above-described membrane 
alterations, suggests a highly effective interaction between the hybrid 
bioparticles and the lipid membrane. This interaction induces both 
fusion of the bioparticles to the membrane, and external (Fig. 5b,c) and 
internal (Fig. 5e) budding processes, hence providing means for cell 
internalization and potential delivery of carried bioactive to cytoplasm. 

In a previous study using dioleoylphosphatidylcholine (DOPC), giant 
vesicles incubated with “bare” monoolein-cubosomes (not stabilized by 
biopolymers shell) showed various membrane perturbations [62]. The 
different experimental conditions, including changes in cubosome con
centration and the use of different fluorescent dyes, resulted in diverse 
morphological and topological transitions in giant vesicles, as well as 
fission and fusion of neighboring vesicles. In our qualitative approach, 
we observed some of these processes under a single condition for PS-Cub 
and AcPS-Cub. We witnessed effects resulting from a fusion between 
particles and vesicle membrane, along with a process resembling 
phagocytosis, where the particles are encapsulated into smaller vesicles 
engulfed by the larger vesicles (Fig. 5e). 

In a report by Strachan et al. [63], bare cubosomes of monoolein and 
other lipids were internalized in both murine STO fibroblasts and 
macrophage cells. The uptake of cubosome in STO fibroblasts was 
described as mainly due to fusion between the particle and the cell 
membrane, while in macrophage cells the uptake was preferentially by 
endocytosis, pointing out that different cell internalizations may occur 
depending, for instance, on cell type. Additionally, cell uptake of 
cubosomes occurred after a 3-hour incubation period, a lag time that is 
not observed in the experiments with giant vesicles. Furthermore, 
purging out of cubosomes from the cells occurred at later periods. 

The varying uptake mechanisms observed in giant vesicles or live 
cells, as described elsewhere for bare cubosomes and herein for our 
hybrid bioparticles, underscore the need for further studies to elucidate 
improvements in composition and engineering aspects. Moreover, they 
highlight the exceptional prospects of liquid crystalline nanoparticles in 
applied biomedical fields. 

4. Conclusions and perspective 

The hybrid crystalline bioparticles, composed of lipid and natural 
source polysaccharides, exhibit pH-responsive characteristics, which are 
preserved following the highly efficient encapsulation of acemannan 
from Aloe vera. In strong acidic environments, the biopolymers confer 
surface lamellarity to the cubic particles, while in slightly alkaline 

conditions, the particles additionally undergo shape changes while 
preserving their internal cubic Im3m symmetry. Encapsulated ace
mannan induces a partial transition from cubic to inverse hexagonal HII 
phase at pH 7.4. The phase transition significantly shortens the lattice 
distance, thereby reducing the water nanochannels inside the particles 
and facilitating the release of aqueous content, representing a mecha
nism for triggered bioactive delivery. The release of acemannan is 
gradual and slow, following Fickian diffusion, under simulated gastric 
and intestinal pH conditions. Moreover, the interaction of the hybrid 
bioparticles with lipid membranes of high curvature is effective and 
thermodynamically driven in both acidic and alkaline solutions, 
resulting in structural changes with an enthalpic decrease but entropy 
gain. When interacting with low curvature membranes, the bioparticles 
induce a variety of morphological changes, demonstrating that they can 
efficiently fuse with the membrane. 

In summary, the hybrid crystalline bioparticles hold promise as 
active transporters of encapsulated content. The encapsulation and de
livery of acemannan in smart cubosomes may enhance the application 
benefits of the Aloe vera polysaccharide, particularly in oral applications 
if intestinal delivery is optimized by the triggering effect. The sustained 
release and structure-responsive behavior of the bioparticles may boost 
the immunostimulant and antibody production activities of acemannan, 
[21] granting improved beneficial effects than the currently commonly 
used methods to administrate and deliver the bioactive [22,26,40,64]. 
Further SAXS studies will shed more light on the softening effect of 
acemannan on the structure of the liquid crystalline bioparticles and 
their inherent mesophase organization, which can be of great interest in 
engineering smart nanoparticles. 

Furthermore, the bioparticles exhibit promising features as potential 
natural bioactive delivery systems with effective interactions with lipid 
membranes, potentially leading to cell membrane modulation, changes 
in membrane curvature, translocation, and uptake. 
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Table 4 
Hydrodynamic diameter (D), polydispersity index (PDI), and zeta potential of the samples of AcPS-Cub and POPC liposome before and after ITC. Data for AcPS-Cub are 
repeated from Table 1 for better clarity in the discussion.   

AcPS-Cub POPC-liposome After ITC (AcPS-Cub þ POPC-liposome) 
pH D (nm) PDI Zeta 

(mV) 
D (nm) PDI Zeta 

(mV) 
D (nm) PDI Zeta 

(mV)  

2.5 296  0.31 5 ± 6 187  0.35 3 ± 4 144  0.72 − 2 (70 %)  
16 (19 %)  
29 (11 %)  

7.4 662  0.27 − 14 ± 4 212  0.31 − 6 ± 4 429 (66 %)  
114 (34 %)  

0.54 − 1 ± 3  
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