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A B S T R A C T   

The colloidal stability of lipid based cubosomes, aqueous dispersion of inverse bicontinuous cubic phase, can be 
significantly increased by a stabilizer. The most commonly used stabilizers are non-ionic tri-block copolymers, 
poloxamers, which adsorb at the lipid-water interface and hence sterically stabilize the dispersion. One of the 
challenges with these synthetic polymers is the effect on the internal structure of the cubosomes and the potential 
toxicity when these nanoparticles are applied as nanomedicine platforms. The natural polysaccharide, softwood 
hemicellulose, has been proved to be an excellent stabilizer for oil-in-water emulsions, partially due to the 
presence of hydrophobic lignin in the extract which to some extent is associated to hemicellulose. 

Herein, we reported for the first time cubosomes stabilized by two types of softwood hemicelluloses, where 
one is extracted through thermomechanical pulping (TMP, low lignin content) and the other obtained from 
sodium-based sulfite liquor (SSL, high lignin content). The effect of the two hemicellulose samples on the 
colloidal stability and structure of monoolein-based cubosomes have been investigated via DLS, SAXS, AFM and 
cryo-TEM. The data obtained suggest that both types of the hemicelluloses stabilize monoolein (GMO) based 
cubosomes in water without significantly affecting their size, morphology and inner structure. SSL-extracted 
hemicellulose yields the most stable cubosomes, likely due to the higher content of lignin in comparison to 
TMP-stabilized ones. In addition, the stability of these particles was tested under physiological conditions 
relevant to possible application as drug carriers.   

1. Introduction 

Non-lamellar Lipid Liquid Crystalline Nanoparticles (LLCNPs) have 
been widely studied in the last decades due to their intriguing structure 
and morphology. Examples of these kind of aggregates are cubosomes 
[1,2], hexosomes [2,3] and the dispersion of sponge phase (spongo-
somes) [4,5]. 

Cubosomes are dispersions of an inverse bicontinuous cubic phase in 
which a curved non-intersecting bilayer forms two continuous and un-
connected system water channels. The curved bilayer can be described 
by an infinite periodic minimal surface (IPMS), such as the primitive 

(Im3m), the gyroid (Ia3d) and the double-diamond (Pn3m). Monoolein 
(GMO) and phytantriol are among the most studied lipids that form 
cubic phases, [1,6] nevertheless other lipids can be adopted to formulate 
the particles [7]. 

The preparation of the LLCNPs is based on a top-down, bottom-up or 
microfluidic approach. Lipid Liquid Crystalline (LLC) cubic bulk phase 
can be fragmented with e.g. homogenization involving high-energy 
input often with the help of an emulsifier. The most common bottom- 
up method yields the aggregates via dissolution of the lipid compo-
nents in solvent and thereafter mixing of the lipid solution with an 
aqueous solution of additives to obtain the dispersion. 
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Colloidally stable cubosome dispersions require a stabilizing agent, 
such as tri-block copolymers, to a larger extent than their lamellar 
counterpart, liposomes. Here, Poloxamers (poly(ethylene oxide)-poly 
(propylene oxide)-poly(ethylene oxide)), i.e. Pluronics F127 and F108, 
are the most common stabilizers, where the hydrophobic PPO moiety 
interacts with the lipid bilayer and the PEO units form a hydrophilic 
corona that prevents NPs from aggregating. 

The biocompatibility and biodegradability of the components of the 
formulations are crucial parameters for application of cubosomes in 
drug delivery and imaging [8–13]. Although the GMO-based carriers are 
less cytotoxic compared to those based on phytantriol [1,6], the intrinsic 
cytotoxicity of the stabilizer could prevent the application of the system 
[14]. Therefore, stabilizing the cubic dispersion and at the same time 
providing a “safe” formulation can be challenging. 

Recently, a polyphosphoester (PPE) tri-block copolymer, a structural 
analog of Pluronic F127, was shown to be able to stabilize GMO-based 
cubosomes [15]. Biocompatibility assay on Human umbilical vein 
endothelial cells (HUVEC) and blood cells showed that the 
PPE-stabilized NPs were less cytotoxic at the same concentration in 
comparison to the cubosomes stabilized with Pluronic F127. These new 
formulations were also shown to have less tendency to activate the 
complement system, which our body employs to remove anything 
foreign from the blood stream. 

The cytotoxic effect can be reduced by mimicking natural molecular 
structures and thereby improving the efficacy of the therapy. For this 
reason, natural polysaccharides are of great interest as potential nano-
particle stabilizers. In addition, they can remain functional as stabilizers 
over a relatively broad range of temperatures and pH. However, lack of 
clear and structured amphiphilic character brings a variety of challenges 
to the table. Several studies have been published where monoolein 
cubosomes have been stabilized by different polysaccharides like starch 
and cellulose [16–18]. These polysaccharides were, however, modified 
by introducing hydrophobic groups in their structure. This is a prom-
ising alternative to commonly used Pluronic F127 that is believed to 
have some unwanted physiological side effects when ingested or 
inhaled, [18] and also has shown to affect the internal structure of 
monoolein based cubosomes. Here we have explored the stabilizing 
potential of hemicellulose that along with cellulose and lignin is one of 
the main polymer constituents of plant cell walls. Hemicelluloses are 
heteropolysaccharides that vary in structure and size depending on the 
plant type. Lignin, on the other hand, is a highly hydrophobic group of 
aromatic polyphenol compounds that are strongly associated with 
hemicelluloses and help to provide mechanical strength to the cell walls 
[19]. Hemicelluloses have been shown to have excellent emulsifying 
properties in several applications [20–25]. 

The chemical composition of hemicellulose is dependent on the plant 
type and is often affected by the extraction method. A great variety of 
methods have been developed in order to obtain high purity extracts. 
However, one of the biggest challenges still remains the removal of 
lignin since it is covalently bound to hemicellulose sugar groups via 
glycosidic, ester or ether bonds [24]. Interestingly, when it comes to 
stabilizing oil in water emulsions, lignin plays an impartial role as it is 
believed to interact with the hydrophobic moiety of lipids and anchor 
hemicellulose chains on the interface. Hemicellulose in turn provides 
steric stabilization mechanism due to chains with high molecular 
weight. 

The most abundant hemicellulose in spruce and pine is gal-
actoglucomannan (GGM). It accounts for 25–35 % of dry wood mass [26, 
27]. Galactoglucomannans, often acetylated, have a linear (1→4)-linked 
β-D-mannopyranosyl (Manp) backbone partially substituted with (1→4)- 
linked β-D-glucopyranosyl (Glcp) units and α-galactopyranosyl (Galp) 
side groups that are (1→6)-linked to the backbone [28,29]. Softwood 
hemicellulose has been used as a feeding stock for ruminants without 
showing adverse effects and even demonstrated prebiotic properties in 
healthy mice [30,31]. In addition, several galactomannans like konjac 
and guar which are similar in structure to softwood hemicellulose 

(galactoglucomannan) are widely used as food constituents and have 
been shown not to be carcinogenic to rats and mice [32]. 

In this study, we investigate the ability of two different softwood 
hemicellulose preparations to stabilize monoolein cubic nanoparticles. 
One is the TMP (thermomechanical pulping) hemicellulose, which has 
been isolated from thermomechanical pulp and contains a very low 
amount of lignin, whereas the SSL (spent-sulfite-liquor) preparation 
originates from a sodium-based sulfite liquor with a relatively high 
lignin concentration. The effect of these stabilizing agents on the 
structure, morphology and colloidal stability of the lipid based cubo-
somes was studied in order to identify their possible application as 
components to prepare future drug carriers. 

2. Experimental section 

2.1. Materials 

The main component of the cubosomes, glycerol monooleate (MO, 1- 
monooleoylglycerol, RYLO MG 19 PHARMA, 98.1 wt% monoglycerides) 
was kindly provided by Danisco A/S (now Dupont, Denmark). Fresh 
distilled water purified using a Milli-Q® water purification system 
(MerckMillipore, Darmstadt, Germany) was used for preparing each 
sample and it was filtered with a 0.22 μm pore size hydrophilic filter 
prior to any use. Chloroform (99.8 % purity) and phosphate buffered 
saline (PBS) tablets were purchased from Sigma-Aldrich (0.01 M phos-
phate buffer, 0.0027 M potassium chloride and 0.137 M sodium 
chloride). 

The TMP and SSL hemicellulose sample was obtained from Stora 
Enso Kvarnsvedens bruk (Kvarnsveden, Sweden) and Domsjö Fabriker 
(Örnsköldsvik, Sweden), respectively. Purification of both samples was 
done in-house at the Department of Chemical Engineering at Lund 
University. TMP extract was purified according to the procedures re-
ported by Thuvander et al. [33] and Zasadowski et al. [34] and char-
acterized according to the National Renewable Energy Laboratory 
(NREL) procedure. [35] Details of the extraction procedure and analysis 
of the SSL sample can be found at Al-Rudainy et al. [36] Table 1 shows a 
summary of the main components present in each of the samples. The 
MW of GGM can generally be expected to be around 15− 24 kDa in 
spruce, [26,37] but even much bigger MW of up to 490 kDa has been 
reported [38]. The MW depends on the analysis method and to some 
extent on the pulping process. However for GGM from TMP [39] and SSL 
[36] the MW can be expected to be similar and in the mentioned range. 

Table 1 
The chemical composition of the TMP and SSL hemicellulose extracts shown as 
weight percentage of total dry solids (TDS). [36] Acidic components were not 
determined for TMP extract indicated as n.d.   

wt % of TDS  

TMP SSL 

Ash 0 2.02 
Lignin 1.26 7.3 
Carbohydrates 
Arabinose 0 1.11 
Galactose 10.4 18.7 
Glucose 8.8 14.85 
Xylose 4.7 7.05 
Mannose 76 30.78 
Cellobiose n.d. 1.14 
Lactic acid n.d. 1.68 
Acetic acid n.d. 3.99 
Formic acid n.d. 1.63 
Levulinic acid n.d. 2.17 
Furfural n.d. 1.25 
Hydroxymethylfurfural n.d. 0.62  

P. Naidjonoka et al.                                                                                                                                                                                                                            



Colloids and Surfaces B: Biointerfaces 203 (2021) 111753

3

2.2. Methods 

2.2.1. Sample preparation 
Cubosome formulations were prepared by first dissolving 10 mg of 

monoolein in 1 mL of chloroform in a vial. The chloroform was then 
evaporated under a gentle stream of nitrogen to yield a lipid film, which 
was left to dry under vacuum overnight at room temperature to remove 
any trace of chloroform. 1 mL of GGM aqueous solution with a con-
centration of 3 mg mL− 1 was then added to the vial with the monoolein 
film. The sample was vortexed for a few seconds and left to equilibrate at 
room temperature for one hour. After that, the mixture was placed in an 
ice bath and sonicated with a tip sonicator (equipped with a controller 
Sonics Vibra Cells, both from Chemical Instruments AB, Sweden) for 
15 min at 70 % amplitude with 10 s pulses in 10 s intervals. The samples 
were characterized within 48 h after preparation. 

2.2.2. Dynamic light scattering (DLS) and electrophoretic mobility (EM) 
Dynamic light scattering experiments were performed on a Zetasizer 

Nano ZS (Malvern Instruments Ltd, Worshestershire, UK) at a set angle 
of 173◦ using the non-invasive backscatter technology. The instrument 
was equipped with a 4 mW He-Ne laser with a 632.8 nm wavelength and 
an Avalanche photodiode detection unit. The electrophoretic mobility 
measurements were performed using M3-PALS technology at 13◦. The 
obtained correlation functions were analyzed using the cumulants 
method available in the Malvern software. 

The cubosome formulations were diluted 500 times with either Milli- 
Q water or PBS buffer, placed in the Zetasizer measurement cell and 
equilibrated at 25 ◦C for 2 min before starting the measurement. 

2.2.3. Small angle X-ray scattering (SAXS) 
SAXS measurements were performed at the SAXSLab instrument (JJ- 

Xray, Denmark) available at Lund University. The instrument was 
equipped with a 30 W Cu X-RAY TUBE for GeniX 3D and a 2D 300 K 
Pilatus detector (Dectris). The X-ray wavelength was 1.54 Å− 1 and the 
sample-to-detector distance was 480 mm, yielding a q-range of 0.012 – 
0.67 Å− 1. The measurements were recorded at 25 ◦C. The temperature 
was controlled using a Julabo T Controller CF41 from Julabo Labor-
technik GmbH (Germany). 

The magnitude of the scattering vector is defined by q = 4 π /(λ⋅sinθ), 
where the wavelength λ equals to 1.54 Å, Cu Kα wavelength, and θ is half 
of the scattering angle. 

The repeat distance or d spacing was obtained using the following 
expression: 

d =
2π
q

(1) 

Then, the cubic phase lattice parameter (a) is given by eq. 2: 

a = d∙
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(2) 

Here, h, k and l are the Miller indexes that describe the crystalline 
planes into the liquid crystalline lattice. The lattice parameter was used 
to estimate the water channel radius (rw) of the bicontinuous cubic phase 
(eq. 3) [40]: 

rw = (a − l)∙

̅̅̅̅̅̅̅̅̅̅̅̅
A0

− 2πχ

√

(3) 

where χ and A0 are the Euler characteristic and the surface area of the 
IPMS geometry (Pn3m, χ = − 2, A0 = 1.919), respectively, and l is the 
MO hydrophobic chain length at 25 ◦C (17 Å). 

The formulations in PBS buffer were prepared by diluting the 
aqueous stock of cubosome dispersion 10 times with the buffer. 

2.2.4. Cryogenic-TEM (cryo-TEM) 
A 4 μL drop of the formulations at the initial concentration was 

placed on a lacey carbon coated formvar grid (Ted Pella Inc, Redding, 

CA, USA). A thin film was then created by gently blotting the grid with a 
filter paper. After that the grid was prepared for imaging using an 
automatic plunge-freezer system (Leica Em GP, Leica Microsystems, 
Wetzlar, Germany). The environmental chamber was operated at 25 ◦C 
and 90 % relative humidity to prevent evaporation from the sample. The 
specimen was vitrified by rapidly plunging the grid into liquid ethane 
(− 183 ◦C) and the samples were stored in liquid nitrogen (− 196 ◦C) and 
transferred into the microscope using a cryo transfer tomography holder 
(Fischione, Model 2550, E.A. Fischione Instruments, Inc., Corporate 
Circle Export, PA, USA). The grids were imaged with a Jeol JEM-2200FS 
transmission electron microscope (JEOL, Tokyo, Japan) equipped with a 
field-emission electron source, a cryo-pole piece in the objective lens 
and an in-column energy filter (omega filter). Zero-loss images were 
recorded with a bottom-mounted TemCam F416 digital camera (TVIPS- 
Tietz Video and Image Processing Systems GmbH, Gauting, Germany) 
using SerialEM under low-dose conditions at an acceleration voltage of 
200 kV. 

Gwyddion software [41] was used to apply 2D Fourier transform 
filter to cryo-TEM micrographs and extract lattice parameter. 

2.2.5. Atomic Force Microscopy (AFM) 
AFM was performed with a Park XE—100 (Park Systems Corp., 

Suwon, Korea) in a non-contact mode. Samples were probed in a liquid 
state under ambient conditions. A silicon cantilever with a 3 N/m spring 
constant and 75 kHz resonance frequency was used. The image analysis 
was done with the XEI software (Park Systems Corp., Suwon, Korea). A 
hydrophobized silicon wafer was covered with 90 μL of SSL-NPs 
formulation and left to adsorb for 4 h before rinsing with Milli-Q 
water. The wafer with a drop liquid sample was then placed in the 
AFM liquid cell and Milli-Q water was added, after which the imaging 
was performed. The preparation was done in this way in order to avoid 
passing the sample surface film through the air/water interface. 

3. Results and discussion 

3.1. Preparation of the NPs and their bulk characterization 

Formulations stabilized by softwood hemicellulose extracted with 
two different methods were prepared using ultrasonication and char-
acterized in a similar manner. This approach has been found effective to 
reduce the size of the aggregates and induce a good size distribution. [1, 
6] 

After preparation, both formulations appeared homogeneous and 
milky, however the SSL-stabilized solution was less translucent than the 
TMP-stabilized sample. The DLS and ζ-potential results, reported in 
Table 2, indicate that the formulations contain negatively charged, 
electrostatically stable particles of relatively low polydispersity. 

The ζ-potential of the TMP- and SSL- stabilized cubosomes was -37.7 
and -49.5 mV, respectively. Negative charge of the nanoparticles could 
partially be explained by a negative ζ-potential of their respective 

Table 2 
Apparent average hydrodynamic diameter (dH), polydispersity index (PdI), 
derived count rate, as well as phase, lattice parameter (a) and water channel 
radius (rw) determined from the SAXS curves for the TMP and SSL formulations. 
Additionally, ζ-potential and pH of pure TMP and SSL extract, as well as of TMP- 
NPs and SSL-NPs determined at 25 ◦C.  

Parameters TMP-NPs SSL-NPs TMP SSL 

dH ± SD [nm] 151 ± 1 152.2 ± 0.9 – – 
PdI ± SD 0.21 ± 0.02 0.19 ± 0.01 – – 
Derived count rate ± SD 940 ± 3 2032 ± 20 – – 
Phase Pn3m Pn3m – – 
a ± SD [Å] 99.6 ± 0.8 98.7 ± 0.4 – – 
rw ± SD [Å] 21.9 ± 0.3 21.6 ± 0.1 – – 
ζ-potential [mV] − 37.7 ± 0.8 − 49.5 ± 0.6 − 10 ± 1 − 14.8 ± 0.2 
pH 6.39 6.52 6.44 6.58  
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hemicellulose extracts (-10 and -14.8 mV for TMP and SSL, respec-
tively). We note that the charge is highly dependent on the extraction 
method and the purity of the sample. Galactoglucomannans are neutral 
polysaccharides, the charge is believed to be caused by the presence of 
acidic groups. [21] The amount of acidic groups present in the TMP 
sample was not determined, however, the SSL extract contains at least 
10 % as shown in Table 1. Interestingly, the apparent negative charge is 
a common feature of the GMO-based dispersions: this phenomenon is 
not fully understood, but it has been reported for other lipid formula-
tions stabilized with non-ionic block-copolymers. [15,42] A possible 
reason could be related to an adsorption of hydroxide ions at the 
lipid-water interface, resulting in a polarized outer layer surrounding 
the NPs and an apparent negative surface potential [43]. As already 
reported in literature with other stabilizers [15] the high negative zeta 
potential of these types of particles is common and partly contribute to 
their colloidal stability. Here it should be stressed that the determination 
of the electrophoretic mobility and the use of these data to calculate a 
zeta potential assume rather ideal system of spherical particles and relies 
on defining the slipping plane of the moving objects in an electric field. 
Absolute quantitative comparison of the values is challenging. Using a 
stabilizer to prepare the nanoparticles makes them more defined and 
less polydisperse. For more or less flexible objects as a polymer chain the 
assumption of spherical objects is not valid. However we can compare 
the zeta potential of similar entities in solution. 

Dispersions formulated with both GGMs exhibited the same size, 
around 150 nm in diameter, with relatively low polydispersity. Similar 
size and polydispersity have been previously reported in literature for 
cubosomes stabilized with different kinds of polymers. [10,15] The in-
tensity of the scattering from the dispersion of the SSL-stabilized NPs is 
more than twice as high (2032 ± 20) as from the TMP-NPs formulation 
(940 ± 3), indicating a larger number of particles present in the solution. 
This finding correlates with the less translucent appearance of the 
former sample. 

It has been previously shown that the presence of lignin in GGM 
strongly increases their capability to stabilize oil in water emulsions. 
[20,22–24] Lignin consists of phenolic compounds that are usually 
associated or even covalently bound to hemicellulose sugar units via 
glycosidic, ester or ether bonds. [24] Due to their hydrophobic nature, 
phenolic residues interact with the hydrophobic part of the lipids and 
thus anchor bound hemicellulose chains that in turn provide steric sta-
bilization of the oil/water interface. Consequently, a larger amount of 
nanoparticles in the sample could be stabilized by the SSL hemicellulose 
preparation, given its higher content of lignin. In addition, the SSL-NPs 
have a more negative ζ-potential than the corresponding TMP-NPs. This 
could contribute to the electrostatic stabilization of the nanoparticles, 
although it has been suggested that emulsion stabilization with hemi-
cellulose is mainly due to steric repulsion. [44] 

SAXS was used to reveal the internal NP structure. Fig. 1 shows SAXS 
data of the TMP- and SSL-stabilized nanoparticles. Lyotropic GMO-based 
aqueous dispersions show a rich polymorphism depending on the water 
content. [45] In excess of water, monoolein is expected to form a Pn3m 
cubic phase. The presence of a stabilizer can affect monoolein 
self-assembly as reported by e.g. Nakano et al. [46] in cubosome dis-
persions stabilized by Pluronic F127. The interaction between the PPO 
lipophilic moiety of the stabilizer locally affects the organization of the 
lipid bilayer, giving two types bicontinuous cubic phases, Im3m and 
Pn3m, depending on the amount of added stabilizer. In the case of 
GGM-stabilized formulations, both of the SAXS curves have similar 
patterns with at least two clearly visible Bragg peaks. The peak positions 
and profile are characteristic of a Pn3m phase. This is absent in the 
scattering profiles of the neat GGM extracts (see ESI, Fig. S1), which are 
well described by the Beaucage model where a fractal morphology with 
flexible cylinders as building blocks is used to characterize the polymer 
similar to those we previously reported for highly purified GGM sam-
ples. [47] Mannans used here for the stabilization of the nanoparticles 
are smaller in size but with a comparable degree of chain stiffness as 

evidenced by Kuhn length (see ESI, Table S1), indicating that this is 
indeed the same type of polymers. The discrepancy in size is likely to be 
caused by differences in the purification methods. The GGM is covering 
the surface of the NPs without affecting the internal structure in water. 
This is in contrast to formulations stabilized with Pluronics. This finding 
represents a crucial point for a possible application of these aggregates 
as drug delivery systems. The diffusion coefficient of small hydrophilic 
molecules in Pn3m bulk phases has been observed to be larger than in 
Im3m phase, which has been attributed to the higher porosity of the 
former. [48] Given that the preparation method does not impact the 
symmetry of the dispersion, we could speculate that the diffusion coef-
ficient trend of molecules within the cubosome’s water channels would 
be similar to the one observed in the two bicontinuous cubic bulk 
phases. 

The lattice parameter and the water channel radius could be deter-
mined from the position of the Bragg peaks in the scattering curves. As 
reported in Table 2, the formulations contain particles with a lattice 
parameter characteristic to Pn3m phase cubosomes equal to 99.6 Å and 
98.7 Å for TMP- and SSL-NPs, respectively. 

These values of lattice parameters are in line with the ones already 
reported for Pluronic-stabilized cubosomes, with no significant differ-
ence between the two types of hemicellulose stabilizers. [10,49,50] 

In order to assess the morphology of the aggregates, the samples 
were imaged with cryo-TEM and the results of the two different for-
mulations are shown in Fig. 2. In all of the micrographs, aggregates with 
a defined internal structure can be observed. In order to confirm internal 
structure of the nanoparticles, 2D Fourier transform filter was applied to 
the cryo-TEM images and lattice parameter was extracted. The Fourier 
transform filtered images of the cubosome internal structure are shown 
as insets in Fig. 2. Obtained lattice parameters are 89 Å for TMP-NPs and 
110 Å for SSL-NPs which agrees well with values extracted based on 
SAXS patterns. The difference between the lattice parameter obtained 
with cryo-TEM and SAXS could be related to the fact that the techniques 
investigate on a different portion of the sample. In the case of SAXS we 
get a mean value of the lattice parameter of the particles, whereas in 
cryo-TEM the analysis is restricted to the particles that are actually 
imaged in that moment. In addition, the lattice parameters obtained by 
applying 2D Fourier transform filter to cryo-TEM micrographs is based 
on 2D projection of individual 3D objects that depends on the particular 
orientation of liquid crystalline domain. In the SAXS data we look at the 
powder pattern of an assembly of particles. However, the results from 
both techniques confirm the cubic structures and the lattice parameter 
values are in the range of what is expected for bicontinuous cubic phase 
dispersions. 

The TMP-NPs sample contains 200–250 nm large cubosomes, in 
addition to fractal-like aggregates (Fig. 2). Different types of softwood 

Fig. 1. SAXS curves of the TMP (dark blue) and SSL (brown) nanoparticles. The 
scattering profile of the TMP was shifted upwards by a factor of 0.01 for clarity. 
The Miller indices for the Pn3m type of cubic phase are indicated for the cor-
responding Bragg peaks. The corresponding lattice parameters (a) and water 
channel radius (rw) of TMP-NPs and SSL-NPs are shown in Table 1. 
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hemicellulose have previously been shown to assemble into similar 
structures and therefore the aggregates observed in Fig. 2 can be 
attributed to the excess hemicellulose that is not incorporated in the 
cubic nanoparticles. [47,51] Additionally, the TMP-stabilized sample 
contains a small amount of vesicles that are approximately 150 nm large 
(Fig. 2B). 

Fig. 2 (C, D) shows the cryo-TEM images of SSL-stabilized sample. 
This sample looks more homogenous without the presence of hemicel-
lulose fractal structures. This indicates that most of the hemicellulose is 
associated with monoolein in the cubosomes. The cubosomes range in 
diameter from 50 to 200 nm that agrees well with the DLS results. 
Similar to the TMP-NPs, a low amount of vesicles is present in this 
sample as well (Fig. 2D). 

Since at this concentration, monoolein gives a Pn3m cubic phase 
with excess water, the presence of vesicles in the sample confirms that 
hemicellulose interacts with the monoolein lipid bilayer. This result is 
not surprising, since other studies have highlighted the effect that sta-
bilizers can have on the morphology of cubosomes [15,42,52,53]. Here 
we note that in our study we observed a small or negligible fraction of 
vesicles. 

3.2. Imaging of the nanoparticles on hydrophobic surface liquid AFM 

In addition to cryo-TEM, SSL-NPs were imaged with AFM on a 

hydrophobized silica surface in liquid mode in order to emulate their 
interaction with interfaces, which is relevant for delivery applications. 
[54] As it can be seen in Fig. 3, the nanoparticles are generally 30–60 nm 
in height and 250–600 nm in diameter. The fact that the diameter is 
much larger than we have observed both with DLS and cryo-TEM, in-
dicates that the cubosomes partly spread on the surface and adopt a 
flatter conformation. 

3.3. Stability of the nanoparticles in water 

The shelf-life presents a critical feature of a formulation, therefore 
understanding the colloidal stability over time is fundamental in 
applying these aggregates as drug carriers. The cubosomes dispersion 
colloidal stability over time has been investigated by DLS and the results 
are summarized in Fig. 4. Both formulations are stable in terms of 
apparent hydrodynamic diameter and polydispersity index for at least 
42 days at room temperature. These results show that both TMP and SSL 
extracts are stabilizing the lipid-water interface is such a way that they 
provide colloidal stability of the dispersion and preventing the system 
from flocculating. 

3.4. Effect of physiological environment 

The application of cubosomes for drug delivery and other biomedical 

Fig. 2. Cryo-TEM images of TMP-NPs (A and B) and SSL-NPs (C and D) at 10 mg mL− 1 concentration incubated at 25 ◦C prior to blotting. Fourier transform as well as 
the magnified section used for the Fourier transforms are shown as inserts and the results show that the structural periodicity of the nanoparticles consistent with 
cubic phase mesostructure. 
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applications make their colloidal and structural stability in a physio-
logical environment a crucial requirement. Indeed, pH and salt con-
centration can affect lipid self-assembly in terms of size, charge and 
structure. [55] Taking these factors into account, 10 mM phosphate 
saline buffer (PBS) pH 7.4 has been used to mimic the physiological 
environment. 

First, an aliquot of the formulations was diluted 500 times in PBS in 
order to follow the changes in the size and polydispersity of the nano-
particles under these conditions. The size of the nanoparticles of both 

formulations increases significantly (to 250 nm) at the start of the in-
cubation but remains stable in case of SSL-NPs (Fig. 5B). However, the 
size of the TMP-NPs continues to increase for the next two hours until it 
reaches 400 nm. The polydispersity is relatively stable in SSL-stabilized 
sample over the whole investigated time span, while it increases from 
0.15 to 0.25 during the first 3 h in the TMP-stabilized formulation. These 
changes might indicate aggregation of particles due to screening effect 
caused by increasing the ionic strength with the added buffer. 

Indeed, the electrophoretic mobility measurements showed that the 
negative potential has decreased significantly explaining the reduction 
of the cubosome colloidal stability, which in particular for TMP-NPs 
causes aggregation (see Table 3). 

The effect of PBS on the internal structure of the two GGMs stabilized 
cubosomes was evaluated through SAXS measurements. It has previ-
ously been reported that the change in ionic strength can trigger shift 
from one phase to another. [56,57] 

Fig. 5A shows the scattering curves of the TMP- and SSL-stabilized 
samples after dilution in PBS buffer 0.1 times. 

After dilution of the TMP-NPs formulation in PBS, we observed the 
formation of visible macroscopic aggregates in solution. This phenom-
enon could be related to the aggregation of GGM and, thereby, of the 
nanoparticles (due to the elevated ionic strength). After removal of these 
visible aggregates, the solution has been analyzed by means of SAXS, but 
the concentration of GMO and GGM has changed in the solution, 
therefore we would not expect Bragg peaks related to the presence of a 
bicontinuous cubic phase. The precipitation was observed with the SSL- 

Fig. 3. AFM images of SSL-NPs on hydrophobic silica in liquid obtained in tapping mode.  

Fig. 4. Hydrodynamic diameter (circles) and polydispersity (triangles) over 
time of TMP-NPs (dark blue) and SSL-NPs (brown). 

P. Naidjonoka et al.                                                                                                                                                                                                                            



Colloids and Surfaces B: Biointerfaces 203 (2021) 111753

7

stabilized sample as well, however to a lower extent and the sample still 
appeared milky after dilution. Indeed, the SAXS patterns confirm that 
the SSL-NPs retained Pn3m phase with no significant change in terms of 
lattice parameter and water channel radius after addition of the PBS 
buffer. The lattice parameter and water channel radius of the SSL-NPs in 
PBS buffer was 93.1 ± 0.4 Å and 19.4 ± 0.1 Å, respectively. This is 
slightly smaller than the value for lattice parameter of 98.7 Å observed 
in water. On the other hand, the Bragg peaks completely disappear in 
case of the TMP-NPs indicating that it appears as if the internal structure 
is at least partly lost. Similar tendency was observed with DLS: due to a 
much lower concentration, the aggregation of the TMP-NPs could not be 
monitored beyond a size of 400 nm. The increase in terms of hydrody-
namic diameter of both formulations (even though the increase is more 
pronounced in the case of the TMP-NPs) could be related to different 
factors. First, cations are adsorbed due to the apparent negative particles 
as can be observed from the reduction in the zeta potential values of the 
formulations in PBS. It should also be noted that the internal structure 
changes somewhat leading to a decrease in the lattice parameter. This 
can result in a partial aggregation of some of the particles that eventu-
ally causes precipitation of the TMP-NPs. We observed that the poly-
dispersity increases as well. Here we note that for DLS measurements 
few of the larger aggregates have a relatively large influence on the 
mean size obtained. The effect is much smaller for the SSL-NPs. Pre-
paring the particles directly in PBS instead of distilled did not work for 
the TMP-NPs and we wanted to compare the two hemicellulose samples. 

The fact that the SSL-NPs formulation is more stable at an elevated 
ionic strength might be due to the higher ζ-potential as shown in Table 2. 
Moreover, a larger amount of monoolein is dispersed in the SSL-NPs 
sample than in the TMP-NPs one. 

4. Conclusions 

Softwood hemicellulose is an underutilized and abundant resource 
that can be used for a variety of applications thanks to its unique 
properties. [22,25,58–60] Its application as a stabilizer has already been 
proven in previous studies for oil-in-water emulsions. Indeed, other 
hemicelluloses such as xylan have found application in several fields, 
given their promising biological features. [61] 

The ability of two softwood hemicellulose extracts, with different 

amount of lignin, to stabilize monoolein-based cubosomes was demon-
strated in this study, where the higher lignin content in the SSL-extract 
facilitated stabilization of a larger fraction of the dispersed lipid phase. 
The presence of the hemicellulose extracts did not affect the self- 
assembly structure of monoolein in aqueous dispersions, giving a 
Pn3m bicontinuous cubic structure. Moreover, both formulations were 
stable over the period of at least 42 days with no significant changes in 
size or polydispersity. The results show that the physiological environ-
ment did not affect the structure for the SSL-stabilized cubosomes. 

Indeed, the SSL-hemicellulose provided a better colloidal stability in 
comparison with the TMP-extract. This study shows that hemicellulose 
can be used as natural substitute to Pluronics to stabilize lipid liquid 
crystalline nanoparticles. Further studies are needed to reveal the bio-
logical effect of these aggregates, hence in vitro investigations will be 
performed as a future perspective. 
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Fig. 5. SAXS curves of TMP-NPs (blue) and SSL-NPs (brown) seen in A and change in hydrodynamic diameter (circles) and polydispersity (triangles) seen in B in PBS 
buffer. The scattering curve of the TMP-NPs was shifted upwards by a factor of 0.01 for clarity. 

Table 3 
ζ-potential of TMP-NPs, SSL-NPs, as well as TMP and SSL 
extracts in PBS buffer determined at 25 ◦C.  

Sample ζ-potential ± SD [mV] 

TMP-NPs − 0.9 ± 0.4 
SSL-NPs − 7.4 ± 0.9 
TMP − 1 ± 2 
SSL − 6 ± 2  
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