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A B S T R A C T

The enzymatic modification of natural oat oils enriched with polar lipids (PL), consisting mainly of equal mixture 
of phospholipids and galactolipids, offers a sustainable pathway to produce liquid crystalline phases (LCPs) with 
diverse structural arrangements, including micellar or bicontinuous cubic and hexagonal phases. These self- 
assembling lipid systems have potential applications in drug delivery, nutraceuticals, and food formulations 
due to their ability to encapsulate bioactive compounds, thereby enhancing their stability, and facilitate 
controlled release.

This study introduces a novel, low-energy, and sustainable one-step enzymatic process that makes oat oil lipids 
self-assemble into desired types of LCPs without the need for additional surfactants or stabilisers. The polar lipid 
content was a critical factor in determining the curvature of the lipid-aqueous interface and hence the type of LCP 
formed. Small angle x-ray scattering (SAXS), cryogenic transmission electron microscopy (cryoTEM), and thin 
layer chromatography (TLC) was used to elucidate the phase behaviour, structure, and composition of the LCP. 
Functional additives, such as curcumin, vitamin D, and octyl glucoside (OG), were incorporated into the LCPs 
with concentrations up to 10 wt%, thereby highlighting the possibility to tailor the system for different appli-
cations. Dispersed LCP nanoparticles were successfully produced via sonication and have an internal hexagonal 
structure as verified by SAXS and cryoTEM. The obtained results show that enzymatic processing using lipolytic 
enzymes can be used to control the conversion of oat oil with the polar lipid content ranging from 15 to 60 wt% 
into LCPs with either lamellar, micellar cubic (Fd3m) or reversed hexagonal internal structure.

1. Introduction

There is an increasing interest in incorporating bioactive compounds 
that are natural and sustainably produced into food, nutraceutical, and 
pharmaceutical products with lipid based formulations that maintain 
the stability of the active compounds and promote high bioavailability. 

Effective oral delivery systems not only prevent the deterioration of 
bioactive ingredients, e.g. nutraceuticals and drugs, but also ensure 
efficient gastrointestinal tract absorption, maximising their therapeutic 
effects and nutritional benefits (Boyd et al., 2021). Polar lipids were 
found to be ideal for stabilising formulations due to their amphiphilic 
nature, which allows them to accommodate both hydrophilic and 
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hydrophobic bioactive substances and act as emulsifiers (Freire & 
Salentinig, 2024). For example, different oat extracts from oat process-
ing side streams, such as saponins and polar lipids, consisting mainly of 
phospholipids and galactolipids (Doehlert et al., 2010), were used as 
natural emulsifiers with a range of industrial applications (Kaimainen 
et al., 2012; Ralla et al., 2018).

1.1. Self-assembling systems based on polar lipids

Polar lipids can self-assemble into different structures, depending on 
the lipid composition and environmental conditions. Emulsions are 
mixtures of two (or more) immiscible liquids, like oil and water, where 
the dispersion is stabilised by an emulsifier. Common emulsifiers include 
proteins, carbohydrate derivatives or polar lipids, such as phosphati-
dylcholine, widely used in food applications (McClements and Jafari, 
2018). In oil-in-water (O/W) emulsions, droplets of oil, stabilised by an 
emulsifier, are suspended in an aqueous medium for which the pressure 
between the inside and outside of the droplet, ΔP, is determined by the 
Laplace equation, ΔP = 2γ/R, where γ is the interfacial tension and R is 
the radius of the drop. Hence, to obtain small droplets a low interfacial 
tension is needed, otherwise the number of large droplets will increase 
at the expense of the smaller ones. The droplet size of an emulsion is 
therefore often polydisperse, and ultimately the stability of an emulsion 
with natural emulsifiers can be compromised leading to phase separa-
tion and loss of functionality.

Liquid crystalline phases (LCPs), on the other hand, are ordered 
structures formed in different solvents through the self-assembly of 
amphiphilic molecules and can be distinguished by their specific 
geometrical arrangements (Larsson, 1989; Luzzati & Husson, 1962; 
Milak and Zimmer, 2015; Ninham et al., 2017). Well-defined lipid-based 
mixtures, containing components such as glycerol monooleate, phy-
tantriol, glycolipids and phosphatidylcholines, are typically used in 
applications involving the self-assembly of LCPs (Engstedt et al., 2023; 
Wang et al., 2023; Barauskas & Landh, 2003; Barauskas & Nylander, 
2008, pp. 107–131; Seddon et al., 2000).

LCPs have been extensively investigated for their ability to incor-
porate various additives in both the lipid domains and aqueous cavities. 
They have been applied as systems for controlled drug release, where 
drug interactions and release can be triggered by structural changes in 
response to environmental factors (Barriga et al., 2019; Costa-Balogh 
et al., 2010; Rossetti et al., 2011).

Inverse LCPs, where the lipid-aqueous interface is curved towards 
the aqueous phase, are especially of interest for drug delivery applica-
tions, as they form aqueous cavities. The bulk LCPs can be dispersed into 
an excess aqueous medium with a narrow nanoparticle size distribution, 
retaining their internal structure (Barauskas et al., 2005; Barriga et al., 
2019; Larsson, 2009). The various inverse liquid crystalline phases, such 
as the reversed bicontinuous cubic (V2), reversed hexagonal (HII), 
reversed micellar cubic (I2), and sponge (L3) phases represent distinct 
structural arrangements that provide cavities to enclose bioactive mol-
ecules. The reverse micellar or discrete cubic phase, I2, features micelles 
organised in a cubic array with a high symmetry space group, such as 
Fd3m (Huang et al., 1996). On the other hand, the HII phase, or the 
inverted hexagonal phase, is characterised by hexagonally packed 
tubular structures (Ramezanpour et al., 2020).

The LCPs have significant potential for applications in diverse fields, 
including drug delivery systems, food technology, and cosmetic for-
mulations. However, in most cases, organic solvents are required to 
facilitate lipid mixing, and the production of pure lipids often involves 
energy-intensive processes and organic solvents for purification (Meng 
et al., 2023; Mouloungui et al., 2009), hence natural lipid sources and 
mild production methods are needed to overcome the latter challenges.

1.2. Natural lipids and bioactives in oat oil

Natural vegetable oils, such as oat oils, are a natural source of lipids 

that can be used in the preparation of LCPs. There is an increasing 
awareness of the necessity to understand and control the bioaccessibility 
and bioavailability of dietary lipids and how it depends on their orga-
nisation (Amara et al., 2024). The interest for using oat oil has increased 
recently thanks to its particular composition and the health benefits it 
offers. The abundance of antioxidants, proteins, minerals, lipids, and 
other beneficial bioactive compounds in oats have been suggested to 
have the ability to protect the cardiovascular system, as well as pos-
sessing anti-obesity and even anti-diabetic properties (Liu et al., 2016; 
Tang et al., 2022; Wang et al., 2019). Oat oil is furthermore unusually 
rich in polar lipids, here referred to as an oil fraction rich in phospho-
lipids and galactolipids, with levels of 10 % phospholipids and 11 % 
glycolipids reported (Doehlert et al., 2010). The glycolipids include 
several galactolipids, digalactosyldiacylglycerol (DGDG) being the most 
abundant (Doehlert et al., 2010). Beyond structurally interesting fea-
tures, DGDG has been connected with beneficial health effects, such as 
anti-inflammatory properties in in vitro studies (De Los Reyes et al., 
2016).

Incorporating oat lipids into everyday meals might significantly 
reduce the glycemic response, triacylglycerol, and ghrelin, while 
increasing GLP-1 and PYY hormone levels in the blood (Hossain et al., 
2023). The broad spectrum of bioactive compounds, numerous health 
benefits, natural origin, and emulsifying ability, positions oat oils as 
important plant-based and sustainable raw materials.

1.3. Mild processing of natural lipids

Additional processing of oat oils makes it possible to modify the 
lipids to tune their properties in terms of self-assembly and surface ac-
tivity, to produce high-value components, underlining the versatility of 
this material. Recent advancements in enzymatic processes have opened 
pathways to modify lipid properties and their self-assembly structure in 
a more sustainable way (Barchan & Adlercreutz, 2024). This includes 
using enzymes like lipases to perform hydrolysis and glycerolysis of oils, 
producing monoacyl- and diacylglycerols (MAGs and DAGs), and free 
fatty acids (FFAs), components important in self-assembly systems (Fay 
et al., 2012; Yaghmur et al., 2023; Zheng et al., 2023).

Previous studies have shown that lipase catalysed digestion of 
monoolein leads to a transition of the structures that follows the mon-
oolein—oleic acid—aqueous ternary phase diagram and is strongly 
dependent on the pH or the degree of protonation of the fatty acid 
product (Borné et al., 2002). Hence transitions from cubic → reversed 
hexagonal → micellar cubic → reversed micellar phase + dispersion 
occurs with time at low pH, whereas at high pH the sequence of struc-
tures follows the monoolein—sodium oleate—aqueous ternary phase 
diagram. Here, the lamellar phase dominates, which, with time, tran-
sitions into a normal hexagonal phase.

Here, we introduce a novel, low-energy, one-step, enzymatic method 
to produce bulk liquid crystalline phases from oat oils enriched with oat 
polar lipids. The enzymatic process leads to the hydrolysis of oat oil, 
creating MAGs, DAGs, and FFAs, which in turn can form liquid crys-
talline phases with a controllable structure.

In order to establish the relation between the type of LCPs formed 
and their phase behaviour as well as the influence of the preparation 
conditions including temperature, oil composition, inclusion of addi-
tives and lipase used, we combined small angle x-ray scattering (SAXS), 
cryogenic transmission electron microscopy (cryoTEM), and thin layer 
chromatography (TLC). These fundamental insights provided will help 
us to better understand the self-assembly processes as well as defining 
potential industrial applications and new processes that are more envi-
ronmentally sustainable.
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2. Experimental

2.1. Materials

2.1.1. Oat oil
Oat oils SWEOAT® Oil PL4, PL15, and PL40 were kindly supplied by 

Swedish Oat Fiber (Bua, Sweden). The oil contained different amounts 
of polar -and nonpolar lipids, like triacylglycerols, and are known to be 
especially rich in phospholipids and galactolipids (Doehlert et al., 2010). 
According to the supplier, the PL4 fraction contains approximately 4 g of 
polar lipids, and 95 g of nonpolar lipids, while the PL15 sample contains 
15 g of polar and 82 g of nonpolar lipids, and PL40 - 40 g of polar and 58 
g of nonpolar lipids. When studying the effect of polar lipid content, 
PL50 and PL60 oat oils were prepared by addition of a concentrated 
fraction of oat oil DGDG (95 % purity) from Swedish Oat Fiber AB (Bua, 
Sweden).

2.1.2. Enzymes
The enzymatic preparations Lipozyme® RM (Rhizomucor miehei) and 

Lipozyme® LT (Thermomyces lanuginosus) were supplied by Novozymes, 
now known as Novonesis, Denmark). Both preparations are solutions of 
free enzymes with sn-1,3 position specificity in triacylglycerol hydro-
lysis. The activities of the enzymatic preparations were 0.275 and 100 
KLU/g respectively for hydrolysis of glycerol tributyrate.

2.1.3. Buffer salts
Sodium dihydrogen phosphate monohydrate (Merck, Germany) and 

disodium hydrogen phosphate dihydrate (Merck, Germany) were used 
to prepare 0.1 M phosphate buffer. The pH was adjusted to 7 with hy-
drochloric acid (EMSURE®, Supelco, Sigma-Aldrich, Germany) and so-
dium hydroxide (Sigma-Aldrich, Germany), using Phenomenal™pH 
1000L (VWR International, Germany) pH meter. Ultrapure di-ionised 
water (Milli-Q IQ 7000, Millipak 0.22 μm, Merck, Germany) was used 
in all experiments.

2.1.4. Octyl glucoside (OG) and other additives
The effect of including several types of additives into the liquid 

crystalline phases was tested; Octyl glucoside (OG) 0–10 wt% oil (n- 
Octyl-β-D-glucopyranoside, ANAGRADE®, Anatrace,USA), Curcumin 
10 mg/g oil (Turmeric, powder, Sigma-Aldrich, Germany), Vitamin D 
10 μg/ml oil (Ergocalciferol, >98 %, Sigma-Aldrich, Germany), Iron(II) 
sulphate heptahydrate 83 mg/ml oil (ACS reagent, >99 %, Sigma- 
Aldrich, Germany), Fish oil capsules (Omega 3, FORTE 70 % EPA and 
DHA, ICA AB, Sweden) were cut open, and the recovered fish oil was 
used as an additive at 5 and 10 wt% oil. Water soluble compounds were 
dissolved in the buffer prior to hydration of the SWEOAT® Oil, and 
water insoluble substances were mixed in the oil phase before hydration.

2.2. Methods

2.2.1. Preparation of bulk liquid crystalline phases
The experiments utilised oat oil that was enriched with a polar lipid 

fraction derived from oats. For the experiments, 300 mg of polar lipid- 
enriched oat oil (PLX, where X = 4, 15, 25, 30, 40, 50, 60), which 
contained 4–60 wt% polar lipids, was combined with 1.2 mL of a 0.1M 
pH 7 phosphate buffer in 4.5 mL glass sample tubes. This gives a total 
lipid content of 20 wt%, which is expected to correspond to a fully 
swollen liquid crystalline phase. Subsequently, for the samples under-
going enzymatic processing, 10 μL of a commercial lipase solution Lip-
ozyme RM or Lipozyme TL (Novozymes, Denmark) was introduced to 
each sample and briefly vortexed to mix. All samples were then incu-
bated in a thermomixer (Hettich BENELUX, MHR 13) operating at 700 
rpm at a temperature of 40 ◦C (for time T, where T = 6, 12,16, 24, 48, 96 
h). The method has been developed in-house.

After initial investigation of the effect of the amount of PL content, 
all further investigations were performed using PL40, containing 40 wt 

% polar lipids.

2.2.2. Formulation of dispersed liquid crystalline phases
Bulk liquid crystalline phases were prepared as described above, 

utilising 300 mg of oat oil PL40, which contained 40 % PL wt%, com-
bined with 1.2 mL of 0.1M pH 7 phosphate buffer and 10 μL of lipase 
solution Lipozyme TL or RM. After incubation (for time T, where T = 2, 
6, 24 h), phase separation occurred, and 50 mg of the bulk liquid crys-
talline phase was collected and subsequently dispersed 1:100 in buffer 
through tip sonication for 5 min with 1 s pulses at 35 % amplitude 
(UP400S, 400W 24 kHz, Hielscher, Germany). The method has been 
developed in-house.

2.2.3. Small angle X-ray scattering
The self-assembly structure of bulk and dispersed samples, prepared 

as described above, were determined using a SAXSLab Ganesha 300XL 
(SAXSLAB ApS, Skovlunde, Denmark) with a 2D Pilatus 300K detector 
(Dectris) and Genix 3D x-ray source (x-ray wavelength λ = 1.54 Å). The 
samples were sandwiched between two thin mica windows and placed 
in a thermostated metal block. The temperature of the sample holder 
was controlled by an external water bath set to the desired temperature. 
All samples were investigated with SAXS over the q range: 0.003 Å− 1 <

q < 0.753 Å− 1 with an exposure time of 1 h. The dispersion samples were 
also characterised in the WAXS range: 0.01 Å− 1 < q < 2.9 Å− 1 for 15 
min. I(q) was obtained by radially averaging the 2D scattering pattern 
using SAXSGui. The background was manually subtracted and all 
further analysis was performed using MATLAB R2020b (MathWorks, 
United States).

Selected dispersion samples were further characterised at the 
CoSAXS beamline, MAX IV (Lund University, Sweden) using an Eiger2 
4M SAXS detector and wavelength of 1 Å. The samples were loaded into 
a quartz capillary (diameter = 1.5 mm) using an autoloader and 
measured at room temperature (25 ◦C ± 1 ◦C) over the q range 0.003 
Å− 1 < q < 0.318 Å− 1 (sample to detector distance = 3.044 m, calibrated 
using silver behenate). For each sample, 300 frames with exposure time 
of 20 ms were collected, which were integrated, reduced, averaged 
together and the solvent background subtracted by the CoSAXS autor-
eduction pipeline and custom Python Jupyter Notebook scripts (Jensen 
et al., 2022). All further analysis was performed using MATLAB R2020b 
(MathWorks, United States).

2.2.4. Calculating lattice parameter
The ratios between the peak positions, qpeak, in the SAXS curves 

were used to identify the liquid crystalline structure and calculate the 
corresponding lattice parameter (i.e. unit cell dimension). The repeat 
distance, dhkl, corresponding to the peak q position can be calculated as 
follows: 

dhkl =
2π

qpeak 

The lattice parameter, a, in the figures were calculated as described 
in Table 1) For lamellar, hexagonal and Fd3m: standard deviation was 
calculated from 3(+) peaks.

For disordered phases the instrument resolution was used.

2.2.5. DLS
The dispersion samples were diluted 10 times in MilliQ water and 

loaded into DTS1070 disposable folded capillary cells for DLS mea-
surements, which were performed using a Zetasizer Nano ZS (Malvern 
Instruments Ltd., United Kingdom). The temperature was set to 25 ◦C 
and samples were equilibrated for 60 s before measurement in triplicate. 
The Stokes-Einstein equation was used to calculate the apparent hy-
drodynamic diameter with viscosity of water, η = 0.8872 cP and 
assuming spherical particles.
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2.2.6. CryoTEM
CryoTEM measurements were performed using the same sample 

preparation and instrument set up as described in Dubackic et al., 2022, 
at the National Center for High Resolution Electron Microscopy 
(nCHREM) at Lund University. In summary, samples were diluted 1:2 
times in phosphate buffer (0.1 M, pH 7), vortexed for 20 s and tip son-
icated for 1 min. 2.6–4 μL of the sample was deposited on a lacey carbon 
grid and blotted to remove excess liquid. The grid was immediately 
plunged into liquid ethane (approx. − 184 ◦C) using a Leica EM GP grid 
plunger (Leica Microsystems GmbH, Germany) and stored in liquid ni-
trogen (− 196 ◦C) until imaging with a JEM-2200FS transmission elec-
tron microscope (JEOL). The internal structures of the particles imaged 
by cryoTEM were further analysed in ImageJ (Schneider et al., 2012).

2.2.7. Lipid extraction and analysis using high performance thin layer 
chromatography

Samples for the TLC analysis were prepared by extracting lipids from 
bulk liquid crystalline phases. The lipid extraction was done by taking 
30 mg of the LCP, adding 3.75 mL of chloroform:MeOH (1:1 v/v with 
0.05 % BHT w/v), 1 mL 0.15 mM acetic acid, 1.25 mL of chloroform and 
1.25 mL of MilliQ water, where vortexing was done for 5 s in between 
every addition of solvents. The samples were then centrifuged at 595 g 
for 10 min (Eppendorf® Centrifuge 5910 Ri, Sigma Aldrich, Merck), 
following by transferring of the lower phase to a separate vial for TLC 
analysis. The TLC analysis was done using the CAMAG system (CAMAG 
TLC Scanner 3, CAMAG Automatic TLC Sampler 4). The samples were 
applied on HTPLC Silica gel 60 plate (Merck, Germany). Chamber 
saturation time was set to 20 min, volume front trough was 20 mL, 
volume rear trough was 40 mL, and drying time was set to 5 min. 
Chamber development was done at room temperature. Plate spraying 
was done using 0.05 % primulin in acetone:water (8:2 v/v) solution and 
lipids were visualised under UV light.

3. Results and discussion

3.1. Bulk liquid crystalline phases - structure and composition

The structure of formed LCPs controls the physicochemical proper-
ties of the system and hence is crucial for different potential application. 
SAXS was employed to examine the lipid liquid crystal structures of the 
samples formed under different conditions. This analysis covered a 
comprehensive range of polar lipid contents, temperatures and included 
model additives, such as bioactive components as well as dispersants. 
The effect on the structural characteristics of the final formulation 
provided insights that are essential for optimising LCP-based products.

The initial study included the effect of different amounts of polar 
lipids in the oat oil mixtures, different lipases used in the enzymatic 
processing step and the enzyme incubation time. After optimisation of 

the standard formulation, the effect of temperature and encapsulation of 
relevant nutraceutical additives on the self-assembled structure of this 
formulation was investigated.

3.1.1. Polar lipid content
After the enzymatic processing, all bulk samples appeared as white to 

light brown opaque, stiff gels in excess water, indicating they were at 
maximum hydration. As shown in Fig. 1A, at 4 % polar lipid in the oat 
oil, the emulsion had a lamellar (Lα) structure, as indicated by the peaks 
present that occur at 1:2:3 in q ratio in the SAXS data. The Lα phase 
coexists alongside a disordered structure up to 25 % polar lipid, at which 
a transition to a micellar cubic phase with the Fd3m space group occurs 
(Fd3m, peak ratio: √3,√8,√11,√12,√16, etc.) at 30 % polar lipids. At 
50 % polar lipids, mixed micellar cubic, I2 and HII phases are present, 
which transforms into a pure HII at 60 % PL.

From the data, a general trend can be observed in which the sample 
tends to form structures with increasing curvature, from Lα to I2 phase, 
as the polar lipid content of the oat oil increases. At the highest polar 
lipid proportion, however, a transition from I2 to HII is observed, which 
was not expected. Although the I2 and H phases are very closely struc-
turally related, as there is a small energy cost associated with tran-
sitioning from the fcc-packed spheres of Fd3m space group in the I2 to 
the hexagonally packed tubes of HII, the phase sequence usually follows 
HII → I2 → L2 (reverse micelles) (Yaghmur & Rappolt, 2013). The reason 
for the observed phase sequence here remains unclear, but is most likely 
linked to the complex mixture of lipids in the system. Oat oil contains a 
variety of both phospholipids and galactolipids, which can be assumed 
to influence the phase behaviour.

It was also observed that the lattice parameter of the I2 and HII 
structures increased with increasing polar lipid content as illustrated in 
Fig. 1B. The lattice parameter of the lamellar samples remained con-
stant, but the relative contribution, as judged from the peak intensity, of 
the lamellar structure decreased and the disordered structure increased 
with increasing polar lipids. For all subsequent experiments, a polar 
lipid content of 40 % (PL40) was selected.

3.1.2. Lipozyme RM and TL comparison
The differences between the two lipases Lipozyme RM and TL in 

terms of activity and the structural evolution of the lipid phases during 
hydrolysis of oat oil containing 40 % polar lipid (PL40) was compared. 
Both the RM and TL enzymes target the sn-1,3 positions on the glycerol 
backbone, hence the same hydrolysis reaction is catalysed and it would 
be expected that the same liquid crystalline phases are formed albeit 
with different rates.

As shown in Fig. 1C and D, a notable difference was observed in the 
time point at which Fd3m phase was observed. The Lipozyme TL 
induced a fully formed I2 phase with Fd3m space group (hereafter 
referred to as Fd3m) after 6 h of incubation, whereas Lipozyme RM 
required 16 h of incubation to achieve the same phase transition. This 
indicates that the Lipozyme TL facilitates a faster hydrolysis of the TAGs, 
compared to RM. This agrees with the higher activity of Lipozyme TL on 
the standard substrate glycerol tributyrate (Table 2. Although the hy-
drolysis of oat oil involves the hydrolysis of triacylglycerols with much 
longer chain length, it is likely that Lipozyme TL has a higher catalytic 
activity than Lipozyme RM also on this type of substrate.

Further analysis of the end point of the reaction Fig. 1E, revealed that 
both Lipozyme RM and TL preparations resulted in the formation of the 
same final Fd3m space group, with nearly identical lattice parameters. 
The outcome was consistent across both enzymes, confirming that the 
certain level of hydrolysis of TAG (and most probably the ratios between 
DAG, MAG and fatty acids) must be reached for the same liquid crys-
talline phase to form, regardless of the lipase used. The different activ-
ities of Lipozyme RM and TL on the acyl glycerols of oat oil were most 
likely the reason for the difference in required incubation time.

Table 1 
Conditions for preparation of bulk liquid crystalline phases.

Sample Lipase name, source, 
and specificity; 
activity

Comments Incubation 
time, h

Temperature, 
◦C

A No lipase 0.1M pH 7 
phosphate 
buffer

16 40

B Lipozyme® RM, 
Rhizomucor miehei, 
(Novozymes); sn1,3 
directed; 0.275 KLU/ 
g

0.1M pH 7 
phosphate 
buffer

6,12, 16, 
24, 48, 96

40

C Lipozyme® TL, 
Thermomyces 
lanuginosus, 
(Novozymes), sn1,3 
directed, 100 KLU/g

0.1M pH 7 
phosphate 
buffer

6, 12, 24, 48 40
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3.1.3. Evolution of structure with enzymatic hydrolysis incubation time
The evolution of the bulk phase structure with incubation time of 

PL40 oat oil with Lipozyme RM, representing different extents of hy-
drolysis, is shown in Fig. 1C. Initially, a disordered structure was 
observed (indicated by a broad peak), which could possibly indicate the 
formation of a bicontinuous structure. As the incubation time and hy-
drolysis of TAG progresses (converting TAG to DAG, MAG and FFAs), a 
transition to the Fd3m phase becomes evident after 16 h of enzymatic 
incubation. This indicates an increasing curvature of the lipid–aqueous 
interface and, as defined Bragg peaks occur, an increase of order within 

the system. The data suggests that once the Fd3m phase is formed, 
longer incubation times do not have an effect on the structures formed. 
This could indicate that once the LCP is formed, lipases have limited 
access to the remaining DAG and MAG substrate molecules and the 
system approaches steady state in terms of hydrolysis.

The hydrolysis of TAG to DAG and MAG introduces a greater pro-
portion of titratable components, such as FFAs, for which the degree of 
protonation affects the curvature towards the water phase. While TAG 
hydrolysis towards MAG typically results in a lower curvature towards 
the water phase, the curvature can still be highly influenced by the 

Fig. 1. SAXS data collected from bulk samples prepared using different polar lipid content, type of lipolytic enzyme and incubation time. The total lipid content of 
20 wt%, is expected to correspond to a fully swollen liquid crystalline phases The lipid liquid crystalline structure was indexed and the corresponding lattice pa-
rameters were calculated from the SAXS data as specified in the methods section. SAXS data (A) and the corresponding lattice parameters (B) for samples with 
different proportions of polar lipids (after incubation for 16 h with Lipozyme RM) are shown. The results indicate that increasing the polar lipid content resulted in 
the formation of structures with higher lipid-aqueous interfacial curvature. SAXS data for PL40 samples incubated with the enzymes Lipozyme RM (C) and TL (D) 
over different time periods show that the same final structure is formed with the same lattice parameter (E). For the calculated lattice parameters, the structures are 
indicated by the marker shape (disordered = circle, Fd3m micellar cubic = square, lamellar = diamond, hexagonal = hexagon). All SAXS curves are offset for clarity. 
Error bars are plotted for all points in B and E. If not visible, they are within the size of the marker.
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environmental conditions such as pH and ionic strength. This is partic-
ularly true for FFAs (e.g., oleic acid) (Mele et al., 2018) where the phase 
behaviour is complex and depends on the proportion of protonated and 
charged FFAs. MAGs (e.g., monoolein) (Kulkarni et al., 2011) also 
exhibit rich phase behaviour that is highly dependent on factors such as 
chain length, saturation, and other components in the mixture. The re-
sults presented in Fig. 1C are expected, and the presence of key com-
ponents in the bulk phases, crucial for self-assembly, is confirmed 
through the TLC analysis discussed below and shown in Fig. 2.

3.1.4. Composition analysis of standard conditions
In order to better understand the main components that are present 

in the LCPs once they have formed, bulk LCPs formed from enzymati-
cally modified oat oil enriched with 4–40 % polar lipids were analysed 
using TLC. For this, LCPs were prepared in triplicates, the lipids were 
extracted and analysed by spotting on the TLC-plate. When comparing 
the enzymatically treated and untreated oils and LCPs, as seen in Fig. 2, 
the main groups of lipids that were identified in enzymatically treated 
oat oils and LCPs were FFAs, and polar lipids, with low levels of MAGs 
and DAGs. The TAG levels were observed to decrease considerably after 
16 h enzymatic treatment, compared to the untreated oat oil.

The TLC results were expected based on the known activity of the 
enzyme Lipozyme RM that was used during the treatment of the oat oil. 
The enzyme is specific for the sn-1,3 positions of TAGs, preferentially 
hydrolysing the fatty acids in the outer positions when water is present. 
This results in the formation of DAGs and MAGs, along with the release 
of FFAs. The polar lipids present in the oil samples were assumed not to 
be altered by the enzymatic modification due to the enzyme specificity.

3.1.5. Effect of temperature (Lipozyme RM)
The stability of the structures of the bulk phases formed from oat oil 

containing 40 wt% PL (PL40), after 12, 24 and 96 h incubation with the 
Lipozyme RM, was studied with respect to temperature.

After 12 h of incubation, the bulk phase exhibited a disordered 
structure, as indicated by the presence of two broad peaks in the SAXS 
data, Fig. 3A. Upon increasing the temperature, these peaks shifted to 
higher q-values, corresponding to a decrease in lattice parameter by 
approximately 20 Å across the entire temperature range. The structure 

Table 2 
The liquid crystalline phases identified in these samples including the equations 
used to determine the lattice parameter (unit cell dimension) and the charac-
teristic ratios between the peak positions in SAXS.

Liquid crystalline 
structure

Lattice parameter Ratio between peak positions

Lamellar Lα 
(h = k = 0)

aLα = ldl l=1, 2, 3, 4, 5, 6 …

Hexagonal H 
(l = 0)

aH =

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

h2 + k2 + hk2
)√

dhk
̅̅̅
3

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
h2 + k2 + hk2

)√

= 1,√3,2,√7,

3,√12…

Micellar cubic 
with space 
group Fd3m

aFd3m =
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

h2 + k2 + l2
√

dhkl

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
=

̅̅̅
3

√
,

̅̅̅
8

√
,

̅̅̅̅̅̅
11

√
,

̅̅̅̅̅̅
12

√
,

̅̅̅̅̅̅
16

√
,

̅̅̅̅̅̅
19

√
,

̅̅̅̅̅̅
24

√
,

̅̅̅̅̅̅
27

√
,

̅̅̅̅̅̅
32

√
,

̅̅̅̅̅̅
44

√
…

Disordered a = ddis =
2π

qfirst peak

–

Fig. 2. The composition of the studied samples as obtained from thin layer chromatogram (TLC) of enzymatically treated (2h and 16h) and untreated oat oils 
enriched with polar lipids. 1–15 wt% polar lipids (PL15) oat oil reference (no enzymatic treatment). 2 - – 15 wt% polar lipids (PL15) oat oil after 2h treatment with 
Lipozyme RM. 3 - – 15 wt% polar lipids (PL15) oat oil after 2h reference without enzyme (control). 4 - – 15 wt% polar lipids (PL15) oat oil after 16h of Lipozyme RM 
treatment. 5 - – 15 wt% polar lipids (PL15) oat oil with 10 % wt% OG, after 16h of Lipozyme RM treatment. 6 - lipid standards. 7 - – Oat oil with 4 wt% polar lipids 
(PL4) reference (no enzymatic treatment). 8 - –Oat oil with 4 wt% polar lipids (PL4) after 16h of Lipozyme RM treatment. 9 - Oat oil with 40 wt% polar lipids (PL40) 
reference (no enzymatic treatment). 10 - Oat oil with 40 wt% polar lipids (PL40) after 16h of Lipozyme RM treatment.: A – Standard with monoacylglycerols (MAGs) 
and polar lipids (PL), B - DAGs – diacylglycerols (DAGs), C - free fatty acids (FFAs), D - –triacylglycerols (TAGs), E - fatty acid methyl esters (FAME). It should be 
noted that the image has been cropped to show only the sample discussed here. Only the relevant data for this publication is visible in the current image.
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only partially recovered when cooled back to 25 ◦C, with the lattice 
parameter remaining smaller than the initial measurement at 25 ◦C. 
Additionally, a small, sharp peak observed at ~0.25 Å− 1 in the SAXS 
data at 25 ◦C and 35 ◦C, possibly indicative of a crystalline structure, was 
found to melt at 45 ◦C and did not reappear upon cooling.

In contrast, for longer enzymatic incubation times of 24 and 96 h, the 
Fd3m micellar cubic phase that formed after the lipolysis reaction 
exhibited greater thermal stability. After cycling the temperature back 
to 25 ◦C, the Fd3m phase fully recovered, and the change in peak po-
sition with increasing temperature was less pronounced compared to the 
disordered phase observed at shorter incubation times.

An overall decrease in lattice parameter was observed with 
increasing temperature independent of the enzymatic incubation times, 
(as shown in the insets of Fig. 3A–C). This behaviour can be attributed to 
the increase in hydrophobic volume and dehydration of the polar re-
gions, which, in the case of an inverse structure (i.e., curving towards the 
water phase), leads to a reduction in the diameter of the water com-
partments. Interestingly, the Fd3m phase appears to be less responsive 
to temperature changes than expected, as seen in Fig. 3B and C. Typi-
cally, a transition to a less ordered phase, such as L2, would be antici-
pated with increasing temperature. The observed stability of the Fd3m 
phase verified that the observed micellar cubic phase structure was of 
the inverse type. In this case, where oil is the continuous phase, an in-
crease in temperature could potentially reduce packing frustration, 
contributing to the observed thermal stability.

3.1.6. Effect of additives
Different additives and their effects on the enzyme catalysed hy-

drolysis and self-assembly of the liquid crystalline structures were 
tested. In particular, curcumin, vitamin D, fish oil at different concen-
trations, iron sulphate and different concentrations of OG were inves-
tigated for the standard formulation of 40 % polar lipid oat oil (PL40) 
incubated with Lipozyme RM for 24 h. Particular emphasis was placed 
on the effects of OG, a non-ionic surfactant known for its ability to 
modulate properties of lipid membranes (Misquitta & Caffrey, 2003). In 
their work, Misquitta and Caffrey used OG to influence the phase 
behaviour of a monoolein (MAG) bicontinuous cubic phase, which is 
often used for in meso protein crystallisation. Here, its potential to 
further tune the curvature of the LCP was investigated.

3.1.6.1. Effect of octyl glucoside. The standard formulation was studied 
with varying amounts of OG to assess its impact on the Fd3m phase. At 
low concentrations, the Fd3m structure remained largely unaffected by 
the addition of OG, as indicated by the presence of well-defined Bragg 
peaks in the data, Fig. 4A and 4B. However, when the OG concentration 
reached 5 %, a noticeable disruption in the Fd3m structure was observed 
where the higher-order peaks became less pronounced. At 10 % OG, 
only the second peak, which exhibited the highest intensity, remained 
visible, indicating a significant alteration or potential breakdown of the 
Fd3m structure.

The phase behaviour of OG alone provides insights into these ob-
servations. At 25 ◦C in water, OG exhibits distinct phase transitions 
depending on its concentration. At concentrations below 57 wt%, OG 
forms micelles. As the concentration increases, OG transitions to a 
mixture of micelles and hexagonal phases at concentrations below 62 wt 
%, and then to a purely hexagonal phase at concentrations below 65 wt 
%. Beyond 65 wt%, a combination of hexagonal and cubic phases is 
observed, with the proportion of OG driving the system towards lower 
curvature and more continuous structures (Karukstis et al., 2012).

Phase transitions observed in our cases can be attributed to the 
molecular characteristics of OG, which has a bulky head group and a 
relatively short hydrophobic chain. These features favour the formation 
of structures with lower curvature, which could explain the observed 
disruption of the Fd3m phase at higher OG concentrations. As the OG 
concentration increases, the system may be driven towards more 

Fig. 3. SAXS data for bulk samples made with oat oil containing 40 wt% polar 
lipids (PL40). The samples were incubated with Lipozyme RM for 12 h (A), 24 h 
(B) or 96 h (C) heated from 25 ◦C up to 65 ◦C and then after returning to 25 ◦C. 
The total lipid content of 20 wt%, is expected to correspond to a fully swollen 
liquid crystalline phase. The dashed vertical line indicates the position of the 
lowest q peak from the initial measurement at 25 ◦C and the inset for each 
figure shows the change in calculated lattice parameter with temperature. For 
the calculated lattice parameters, the structures are indicated by the marker 
shape (disordered phase = circle, Fd3m micellar cubic = square) and initial and 
final measurements at 25 ◦C are indicated by filled and empty markers 
respectively. All SAXS curves are offset for clarity. Error bars are plotted for all 
points in the inset figures. If not visible, they are within the size of the marker.
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continuous, less ordered phases, contributing to the loss of higher-order 
peaks in the SAXS data.

3.1.6.2. Other additives. The data suggests that some tested additives 
had different effects on the order of the Fd3m structure; changes in 
lattice parameters were also observed among different additives, Fig. 4C 
and 4D.

Curcumin: The addition of curcumin resulted in no significant 
changes to the final Fd3m structure. The SAXS data indicated that the 
lattice parameter remained stable compared to the reference LCP, sug-
gesting that curcumin does not substantially interact with or disrupt the 
existing lipid structure in the levels added in this study.

Vitamin D: When vitamin D was incorporated, the Fd3m structure 
became slightly more disordered. This was evidenced by a broadening of 
the SAXS peaks, indicating a possible increase in structural heteroge-
neity. However, the overall phase remained consistent with the baseline 
Fd3m structure.

Fish Oil: The addition of fish oil produced a minor effect on the 
Fd3m structure. At a 10 % concentration, the Fd3m phase appeared to 
become more ordered, with sharper peaks and a lattice parameter more 
closely aligned with the baseline structure. This suggests that fish oil can 
be successfully incorporated in the Fd3m structure.

Iron Sulphate: The inclusion of iron sulphate resulted in a notice-
able shift to a smaller lattice parameter, accompanied by sharper SAXS 
peaks. This suggests a more tightly packed or ordered Fd3m structure. 
Additionally, a low q upturn in the SAXS data was observed. This upturn 
indicates the formation or presence of larger aggregates or clusters, 
which is likely due to the iron sulphate either by its effect on the lipid or 

due to the presence of iron sulphate particles.

3.2. LCP dispersions

To facilitate further analysis, pre-formed bulk LCPs were collected 
and subsequently dispersed in a phosphate buffer using the sonication 
method described in the Methods section. For each dispersion, 50 mg of 
the LCP was sonicated, resulting in an opaque, white liquid with a vis-
cosity similar to that of water.

The dispersions were prepared to better understand the structural 
and functional properties of the LCPs in a more fluid state, which is 
crucial for their potential industrial applications. By dispersing the LCPs, 
we aimed to determine whether the lipid bulk phase structures remained 
in the dispersed particle or if they transformed in the presence of a large 
excess of aqueous buffer and extra energy input of sonication. They 
transitioned from a bulk, rigid form to a more manageable and adapt-
able liquid form, which allows for easier handling and manipulation in 
both experimental and application contexts.

3.2.1. SAXS/WAXS: internal structure of dispersions

3.2.1.1. Incubation time of the bulk phase. None of the dispersion sam-
ples without enzyme processing (i.e. oil dispersed in buffer) had any 
visible peaks in SAXS or WAXS, Fig. S1A,D and Fig. S2A, indicating that 
the droplets had no ordered internal structure.

In contrast, dispersions prepared from PL40 oat oil, that underwent 
enzymatic processing with either TL or RM enzymes, displayed a well- 
defined hexagonal phase. The process of dispersion in excess water by 

Fig. 4. SAXS data for bulk samples, with a total lipid content of 20 wt%, were prepared using the standard conditions (oat oil with 40 wt% polar lipids (PL40), 
incubation for 24 h with Lipozyme RM) with curcumin, vitamin D, fish oil, iron sulphate and the OG additives. The effect of increasing proportion of OG (A,B) and 
doping with selected common nutraceutical additives (C,D) on the lipid liquid crystalline structure was studied. In B, the structure is indicated by the marker shape 
(disordered/mixed phases = circle, Fd3m micellar cubic = square). All SAXS curves are offset for clarity. Error bars are plotted for all points in B and D. If not visible, 
they are within the size of the marker.
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sonication appeared to facilitate a phase transition from the Fd3m 
micellar cubic phase to the HII phase. This is characterised by the 
transformation of discrete micelles into channels arranged on a hexag-
onal lattice. The excess of water in combination with the sonication 
process may induce or stabilise the hexagonal arrangement. As these are 
complex lipid mixture here it cannot be ruled out that the dispersion 
process might lead to uneven lipid distribution of lipids within the 
particles.

Interestingly, no significant trends were observed in the SAXS data 
for the dispersions with respect to incubation time of the corresponding 
bulk phase for either enzyme, Fig. 5A and 5B. Most samples exhibited 
similar lattice parameters regardless of the incubation time, Fig. 5C, 
with the most notable differences occurring at the 2-h mark. For samples 
incubated for 6 and 24 h, the lattice parameters were remarkably 
consistent, irrespective of the enzyme used. These results are particu-
larly intriguing given the substantial structural changes observed in the 
bulk phases over these incubation times. The lack of a corresponding 
difference in the dispersions raises questions about the factors influ-
encing the structural transitions in dispersed systems versus bulk sys-
tems. As discussed above this most likely has to do with the complexity 
of the lipid mixture. Please note that differences were only observed 
after 2 h of incubation with the bulk phase. It should also be noted that 
the lipase is not removed before preparing the dispersion, hence some 
catalytically active enzyme might have remained in the aqueous phase. 
Furthermore, the sonication process might have helped to homogenise 
or stabilise the structures and increase the surface area that can be 
exposed to the enzyme. These factors might together mask the time- 
dependent changes that are prominent in bulk samples.

Further analysis using WAXS revealed more pronounced differences, 
specifically the presence of a crystal peak at q = 1.44 Å− 1, corresponding 
to a repeat distance of 4.4 Å, for samples incubated with Lipozyme TL for 
24 h (Fig. S2B) and RM for 6 or 24 h (Fig. S2C). As this peak is only 
present for the samples which have undergone enzymatic processing, 
this indicates that the lipolysis induced compositional changes cause this 
structural change. During incubation, both enzymes hydrolyse TAGs to 
DAGs, MAGs and FFAs, all of which can form crystal structures 
depending on the length and saturation of the fatty acid chain (Rogers, 
2017, chap. 18). The peak observed in the WAXS data here, agrees well 
with the expected hydrocarbon chain packing distances for glyceride 
crystals (Larsson, 1966, 1972).

3.2.1.2. Effect of OG. The effect of increasing OG concentration on the 
structural properties of the dispersions was also studied. As the OG 
concentration increased, a noticeable decrease in peak intensity and 
definition was observed in the SAXS data, Fig. 5E, indicating a reduction 
in the overall order of the structure, although no significant changes 
were observed in the WAXS range (Fig. S3). Additionally, with 
increasing OG levels, there was a small shift to lower q-values, corre-
sponding to an increase in the lattice parameter. At 5 % OG, the SAXS 
profiles showed no clear peaks, suggesting the complete loss of the 
hexagonal structure, leading to a disordered structure. This trend par-
allels the behaviour observed in the bulk phase, where higher concen-
trations of OG similarly disrupted the ordered Fd3m phase. No distinct 
trends were identified based on the type of enzyme used, as both TL and 
RM enzymes exhibited similar behaviours across different OG concen-
trations. The structural responses to increasing OG percentages were 
consistent regardless of the enzyme, suggesting that the primary factor 
influencing the dispersion structure in this context is the concentration 
of OG rather than the specific enzymatic processing.

3.2.2. CryoTEM: Droplet size and internal structure of LCP dispersions
CryoTEM was employed to further investigate the droplet size, shape 

and internal structure of the LCP dispersions. The cryoTEM images 
supported the findings from SAXS and WAXS analysis, revealing that the 
dispersions consist of nanoparticles (NPs) of varying sizes (50–300 nm), 

all of which exhibited a highly ordered internal hexagonal structure, 
Fig. 6A, B, C. Alongside these NPs, smaller vesicle-like structures of 
around 10–20 nm were also observed (examples are indicated by red 
arrows in Fig. 6A), which is common for samples dispersed by 
sonication.

The high-resolution cryoTEM images clearly displayed the hexagonal 
lattice within the NPs, providing direct visual confirmation of the in-
ternal ordering (Fig. 6B and 6C). The presence of this hexagonal lattice 
was further validated through Fast Fourier Transform (FFT) analysis, 
which reinforced the SAXS and WAXS results by highlighting the regu-
larity and periodicity of the internal structures, visible in Fig. S4. These 
findings are significant as they not only confirm the ordered nature of 
the NPs seen in SAXS and WAXS but also provide a more detailed vis-
ualisation of the nanoscale architecture. The ability to resolve the hex-
agonal arrangement within the nanoparticles underscores the robust 
formation of these structures under the given experimental conditions. 
The presence of smaller vesicle-like entities suggests a possible hetero-
geneity in the dispersion that could be relevant for their functional ap-
plications. This most likely is a consequence of the heterogeneity of the 
lipid mixture.

3.2.3. Dynamic light scattering: particle size
Dynamic light scattering (DLS) was used to characterise the size 

distribution of the particles in the dispersions. For the oil samples (i.e. 
incubation without enzyme), the position of the main peak in the size 
distribution did not significantly change with incubation time Fig. S6, 
remaining at ~160 nm. A small peak at large size can be observed for all 
the distributions, which could correspond to other structures in the 
system. Here it should be noted that the dynamic light scattering in-
tensity weighted size distribution that overestimates the number of large 
particles.

For all of the samples which underwent enzymatic processing, high 
polydispersity and multimodal size distributions were observed, there-
fore the droplet size distribution was not well-defined.

4. Conclusion

We have demonstrated that the self-assembly structure of natural oat 
oils, enriched with oat polar lipids, can be controlled by employing 
lipolytic enzyme processing: 

• We developed a novel enzymatic method, which is possible to up- 
scale, to induce and control the formation of these phases, offering 
a versatile approach for tailoring the structural properties of lipid- 
based systems, both in their bulk and dispersed forms. This results 
in the formation of liquid crystalline phases either in micellar cubic 
(Fd3m space group) or reverse hexagonal (HII) phase depending on 
the polar lipid content, either added initially or as a result of lipolytic 
activity. We have effectively optimised the polar lipid enrichment in 
the starting material and enzymatic processing conditions (incuba-
tion time and choice of enzyme) in order to achieve a stable, highly 
ordered Fd3m structure in the bulk phase.

• The generated bulk phase can be dispersed into nanoparticles with 
controllable internal structure that provide fluid systems for delivery 
of bioactive molecules.

• The effects of various additives, including model dietary supple-
ments and drugs, were systematically tested to assess their impact on 
the stability and structure of the LCPs and their dispersions. Our 
findings indicate that while some additives maintain the integrity of 
the LCPs, others can significantly alter the phase behaviour, partic-
ularly at higher concentrations, with implications for both the bulk 
and dispersed systems.

In conclusion, we have shown that enzymatic processing, combined 
with careful selection of additives, can effectively modulate the struc-
ture and stability of oat oil-based LCPs and their dispersions. These 
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Fig. 5. SAXS data for the dispersion of oat oil sample with 40 wt% polar lipids (PL40) after incubation with Lipozyme TL or RM. Without added OG, incubated with 
Lipozyme RM or TL for different times are shown in (A) and (B) respectively. The effect of adding OG on the lattice parameters of the samples with different in-
cubation time is shown in (C). It should be noted that the x axis here is on a logarithmic scale. Example SAXS data for the dispersion samples incubated with Lipozyme 
RM or TL for 24 h with different amounts of added OG are shown in (D) and (E) respectively. The effect of incubation time on the lattice parameters of the samples 
with different amounts of added OG is shown in (F). All SAXS curves are offset for clarity.
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findings open new avenues for the application of these lipid-based sys-
tems in areas such as drug delivery, nutraceuticals, and other industrial 
formulations. Our research highlights the potential of natural oat oils as 
a sustainable and functional ingredient in advanced lipid formulations.
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