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Abstract

This study compared selected physical and chemical properties of emulsions and
encapsulated powders containing linseed oil ethyl esters prepared with native and
pregelatinized rice and potato starches, and potato maltodextrin. Emulsions with native starches
and maltodextrin met the criteria of a Newtonian fluid, while with pregelatinized starches
showed characteristics of a non-Newtonian fluid. The pregelatinized starches improved the
emulsions’ stability, yet emulsion degradation by creaming was comparable to that of emulsion
containing maltodextrin. Only pregelatinized potato starch was characterized by increased

encapsulation efficiency. Capsules made with both rice starches and native potato starch were
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more oxidatively stable than that made with maltodextrin. Additionally, both powders with
potato starch and pregelatinized rice starch showed a lower release of volatiles related to
oxidation. Summarizing, pregelatinized potato starch displayed potential to replace
maltodextrin based on relatively high encapsulation efficiency and high potential to diminish

volatiles connected with oxidation processes, like hexanal.

Keywords

Encapsulation, Linseed oil, Ethyl esters, Oxidative stability, Starch, Volatile compounds

1. Introduction

Polyunsaturated fatty acids (PUFAs), especially from the omega-3 group, are essential
nutrients in the human diet. In dietary supplements PUFA omega-3 are delivered mostly in the
form of triacylglycerols (TAGs) or as ethyl esters (EEs). Health effects of fatty acids as EEs
have generally not deviated from the health effects of fatty acids in TAGs, especially when
ingested as part of fatty meals. It was stated that fish oil EEs diminish postprandial lipemia in
familial hypercholesterolemia (Chan et al. 2017). Similarly, in statin-treated patients with high-
sensitivity C-reactive protein > 2.0 mg/L (a known biomarker of systemic inflammation) and
TAGs from 200 to 499 mg/dL at baseline, eicosapentaenoic acid (EPA) EEs at a dose of 4
g/day significantly and safely reduced TAGs and other atherogenic and inflammatory
parameters (Miller et al., 2019). In study conducted by Dogay Us and Mushtag (2022) diet
supplementation with a dose of 4 g/day of EPA or docosahexaenoic acid (DHA) EEs improved
subclass of various lipoproteins and TAGs to a greater extent than atorvastatin alone. All above
mentioned studies confirm positive action of EPA and DHA fatty acids in the form of EEs, at

a limited dose up to 4g/day on the human health. For this reason, fish EPA and DHA EEs
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mixture was registered under the name of Omacor® (Rupp, 2009). This preparation increases
the large and small artery elasticity in obese adults on a weight loss diet (Wong et al., 2013).

Food-derived sources of omega-3 PUFAs are primarily marine oils (fish, krill, algae) and
some plant oils such as linseed, rapeseed, chia, and hemp oil (Ghasemifard et al., 2014; Saini
et al., 2021). Plant sources of these fatty acids are crucial in vegetarians’ and vegans’ diet. One
of the richest and easily available sources of omega-3 a-linolenic acid (ALA) is linseed oil.
This oil usually contains above 50% of this fatty acid (Tanska et al., 2016).

Unfortunately, PUFAs can be easily oxidized through auto-, photo- or enzyme-catalysed
oxidation. Encapsulation can protect the PUFAs against oxidation by shielding them against
oxygen. Among known wall materials, various starches, and their preparations (like
maltodextrin) are commonly used (Hoyos-Leyva et al., 2016; Ogrodowska et al., 2022). In the
case of these materials, both the formation of wall and lipid-amylose complexes play a
protective role.

Starch is a natural polymeric carbohydrate consisting of glucose units joined by a-1,4
and a-1,6 glycosidic bonds. It is formed by linear (amylose) and branched (amylopectin)
molecules. In its native state, linear amylose in the presence of hydrophobic ligands, undergoes
a conformational change resulting in a single, left-handed helix that can complex the ligand
inside its inner cavity. This polymorphic form is known as V-type, with a variety of small
ligands (Le-Bail et al., 2015; Gutierrez & Tovar, 2021). Based on their melting temperature,
amylose-inclusion complexes are classified into types I or II. Type I is morphologically
described as having a random distribution of the helical segments, whereas type II has an
ordered semicrystalline structure and higher melting temperatures than type 1. Self-assembled
starch-lipid type I complexes are obtained by hydrophilic interactions (e.g., H-bonding) by
using 12—18 carbon chain fatty acids, while type II complexes are generated via hydrophobic

interactions (e.g., m interactions), by increasing the molecular weight of the fatty acid or by
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using unsaturated fatty acids (more details in Gutierrez & Tovar, 2021). Starch/amylose
inclusion complexes may be used as an appropriate preservation system for the delivery of
different bioactive molecules that are sensitive to oxidation and heat. A wide variety of
compounds have been complexed with amylose, such as fatty acid esters of vitamins, sterols,
B-carotene, flavours, and ibuprofen, as well as monoacylglycerols (MAGs) and free fatty acids
(FFAs) (Di Marco et al., 2020; Kong et al., 2019). It was suggested that starch-fatty acid
complexes are organized in lamellae packed in submicron-sized spheroids, and that the
spheroids form microscopic-sized aggregations (Gutierrez & Tovar, 2021).

Commercial starch preparations highly differ in origin and method of production
(physical, chemical, enzymatic processing). Additionally, to date there is relatively little
information on the use of various natural starches or their preparations for the encapsulation of
PUFA-rich fatty acid mixtures, mainly ethyl esters of plant oils. Our recent study showed that
during encapsulation, partly degraded commercial wheat starch could effectively capture
tocopherols, squalene, and sterols, which resulted in diminishing the fatty acid deterioration in
pumpkin oil (Ogrodowska et al., 2022). The novelty of current study is the use of linseed oil in
the form of ethyl esters, which is more susceptible to formation of complexes with
polysaccharide components of the coating material.

Therefore, the aim of this study was to compare selected physical and chemical properties
of prepared emulsions and encapsulated powders containing linseed oil EEs prepared with the
use of native and pregelatinized rice and potato starches, compared to maltodextrin used as the
standard (control material) of typical wall matrix. The comparison was done based on
emulsions (morphology, particle size distribution, stability, viscosity, and rheological
properties) and powders (morphology, physicochemical properties, oxidative stability, and
volatile compounds) properties. In the experiment, rice and potato starches were selected as

being extremely different from each other, mainly in terms of morphological characteristics.
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Potato starch granules have been observed to be oval and irregular or cuboidal in shape, with
the average granule size in the range of 20 to 110 um, while rice starch granules are angular-
shaped and range from 3 to 5 um in size. Also, potato starch has higher swelling power,
solubility, paste clarity, and viscosity than rice and other cereal starches such as wheat and corn

(Singh et al., 2003).

2. Materials and methods
2.1. Materials and Reagents

Linseed oil (LO) was purchased from the company “Olejarnia Swiecie” (Swiecie nad
Osa, Poland). The fatty acid composition of the oil was as follows: C16:0 5.46 %, C18:0 2.79
%, C18:1(n-9) 19.19 %, C18:2(n-6) 16.24 %, C18:3(n-3) 54.66 %, and others 1.68 %, while
its oxidative stability was 1.36 h (analysis was done according to the procedure described in
work of Damerau et al., 2022). Starches were provided by Hortimex Company (Konin, Poland)
with the following main characteristic:
R1 —native rice starch “Remy B7”; Beneo-Remy N.V. (Leuven-Wijgmaal, Belgium);
R2 — pregelatinized rice starch “Remy FGP”; Beneo-Remy N.V. (Leuven-Wijgmaal,
Belgium);
P1 — native potato starch “Eliane 100”; Avebe U.A. (Veendom, The Netherlands);
P2 — pregelatinized potato starch “Eliane C100”; Avebe U.A. (Veendom, The Netherlands).
M — maltodextrin (DE = 17.5) as a comparative starch was used. It was purchased from Pepees
S.A. Company (Lomza, Poland). The gum Arabic was purchased from Kremer Pigmente
GmbH&Co.KG (Aichstetten, Germany).

Additionally, potassium hydroxide (KOH) and 96 % ethyl alcohol purchased from

Chempur (Pickary Slaskie, Poland), and n-hexane purchased from Sigma-Aldrich (Poznan,

Poland) were used in the study.
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2.2. Linseed oil ethyl esters (LEEs) production

In the first stage of LEEs synthesis, a solution of alkaline catalyst in ethyl alcohol was
prepared (Armenta et al., 2007). For this purpose, 3 g of KOH in 400 mL of 96 % ethyl alcohol
in a 1000 mL flask was stirred at room temperature until complete dissolution. In the second
stage, 200 g of linseed oil was added to the alcohol mixture of KOH. The flask and contents
were refluxed at 76 °C for 2 h in a water bath. In the third stage, residual ethanol was removed
from the reaction mixture by distillation. After that, the reaction mixture was cooled to 20 °C
and washed three times with distilled water. The phases were each time separated using a
laboratory separatory funnel. In the final stage, the EEs were separated by centrifugation using
the MPV-350R laboratory centrifuge (MPW Med Instruments, Warsaw, Poland) at the
separation parameters of 15 min and 7130 x g. The LEEs were used to prepare the target
emulsion. Purity and lipid class of the end product was confirmed by thin layer chromatography

(data not shown).

2.3. Target emulsion preparation

The composition of the prepared emulsions was as follows: water (75 %), LEEs (10 %),
gum Arabic (7.5 %), and starches R1, R2, P1, P2 or maltodextrin (7.5 %). The proportion of
wall materials and LEE loading was established based on preliminary emulsion preparation
tests. Gum Arabic was used as an encapsulation agent due to its emulsifying properties. Its
aqueous dispersions exhibit excellent oil emulsifying properties, and emulsions containing it
have good stability. This is crucial in the stage of emulsion preparation in the spray drying
microencapsulation process. Furthermore, gum Arabic possesses very good film-forming
properties, which is significant for the stability of microencapsulated oil. Gum Arabic finds

wide application in microencapsulation processes since it is a cheap and easily available
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polysaccharide (Patel & Goyal, 2015). The emulsion samples were prepared according to the
following protocol. Firstly, the ingredients of the continuous phase (gum Arabic and each
starch) were mixed with water (20 °C) using a Thermomix (Vorwerk, Germany) at 9000 rpm
for 120 s to obtain a uniform dispersion of all components. Next, the LEEs as a dispersed phase
ingredient were added (200 g per 1800 g of wall materials and water mixture), and mixing was
continued to obtain an emulsion (mixing parameters were the same as previously). The
resulting emulsion was additionally homogenized in two steps (first step at 24 MPa and second

step at4 MPa) using a Panda 2K laboratory homogenizer (GEA Niro Soavi, Parma, Italy).

2.4. Microencapsulation process

The principles of the microencapsulation process using spray-drying are based on the
scheme presented in the work of Bakry et al. (2015). The encapsulated LEEs were prepared
using a pilot-plant spray-dryer (A/S Niro Atomizer, Copenhagen, Denmark). The spraying
mechanism was a disc with a diameter of 110 mm and a revolution rate of 6400 rpm number.
The drying parameters were controlled to keep an inlet temperature of 130 °C and outlet
temperature of 90 °C, and the feed flow rate was 77 mL/min. The drying conditions were
typical for the used equipment (recommended by producers) and had been previously adjusted

during the encapsulation of pumpkin oil (Ogrodowska et al., 2022).

2.5 Scanning electron microscopy (SEM) imaging

Scanning electron microscopy (SEM Quanta 200; FEI Company, Hillsboro, OR) was
used to visualize the morphology of maltodextrin, starches and LEEs powders. Samples were
mounted on SEM stubs with the aid of two-sided adhesive tape and coated with palladium in a
sputter coater. The samples were analysed at an accelerating voltage of 30 kV and 400x

magnification.
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2.6. Particle size distribution analysis

Particle sizes of starches, and LEEs emulsions and powders were determined by laser
diffraction analysis using Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, United
Kingdom). Additionally, the structure of the powders was described by Sauter mean diameter
D3, (the surface weighted mean diameter), De Broucker mean diameter D43 (the volume
weighted mean diameter), and specific surface area (SSA). The median size of the distribution
dos, and do.1, do.o (diameters of the droplets at which 10, 50 or 90 % of the sample is smaller
than the size measured, respectively) were used to calculate the width of the distribution (Span)

Eq. (1) (Malvern, 2007):

Span = Zeo=des Eq. (1)

do.s

2.7. Emulsion microstructural analysis
Microstructural analysis of the emulsions was conducted using a Motic BA210E with
Motic Camera 1080p optical microscope (Motic, Kowloon, Hong Kong) at a magnification of

40x.

2.8. Emulsion stability analysis

The stability of emulsion samples was determined using the turbidimetric method by
measuring the backscattering of light by Turbiscan Classic 2. The measurement was carried
out for 24 h with ARW registration every 5 min. Based on this, the profile of changes in the
backscattering coefficient (RW) over time was determined, and the slope coefficients of the

backscattering curve were calculated.

2.9. Emulsion viscosity analysis
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The rheological properties were determined using a rheometer Rheolab QC Anton Paar.
The range of applied shear rates was from 0 to 500 1/s. The measurement was conducted at a

temperature of 21 + 0.5 °C. For each sample, 100 measurement points were recorded.

2.10. Encapsulation efficiency analysis

Surface oil was extracted by mixing 2 g of LEE powder with 15 mL of n-hexane and
shaking for 2 min at room temperature. The solvent was then filtered, and the collected solid
residue was rinsed three times with 25 mL of n-hexane. The filtrate solution was evaporated
using a rotary evaporator (Biichi Labortechnik AG, Switzerland). The residue was weighted,
and the surface oil content was expressed as a percentage of the powder.

The encapsulation efficiency was calculated based on the following equation:

(Total oil-Surface oil)
Total oil

Encapsulation ef ficiency (%) = 100 Eq. (2)
where total oil was the total theoretical amount of oil in the powder calculated from the

formulation.

2.11. Powder moisture analysis
The moisture content of the powders was measured according to the AOAC Official

Method 925.10 (2000).

2.12. Oxidative stability analysis

A 743 Rancimat (Metrohm, Switzerland) eight-channel oxidative stability instrument
was used to evaluate the oxidative stability index of LEEs and their powders (OSI; expressed
in hours). A capped reaction vessel with a sample (2.5 g) was placed in a thermostatic electric

heating block. The temperature was set at 110 °C, and an air flow rate of 20 L/h was applied.
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2.13. Volatile compound analysis

Volatile compounds of linseed oil, LEEs non-encapsulated and encapsulated were
analysed according to the method of Damerau et al. (2014) with modifications. For the analysis,
0.3 g+0.006 g of oil and LEEs, and 0.5 g+ 0.010 g of powder was weighed in triplicate in 20-
mL headspace vials and flushed with nitrogen to prevent lipid oxidation during analysis.
Volatiles were extracted using headspace solid-phase microextraction (HS-SPME) using the
TriPlus RSH autosampler (Thermo Scientific, Switzerland) equipped with a
DVB/CAR/PDMS-fiber (50/30 um film thickness; Supelco, USA). Extraction parameters:
incubation at 40 °C for 20 min, extraction at 40 °C for 30 min and desorption for 5 min at 240
°C. Volatiles were analysed with TRACE 1310 GC (Thermo Scientific) equipped with a DB-
WAX column (60 m, 0.25 mm, 0.25 um; Agilent Technologies, Santa Clara, CA, USA) and
coupled with an ISQ 7000 mass spectrometer detector (Thermo Scientific). The GC-MS
operation conditions were as follows: helium flow 1.5 mL/min; GC oven 40 °C held 2 min, 4.5
°C/min to 110 °C, 2.0 °C/min to 130 °C, 3.0 °C/min to 160 °C, 5.0 °C/min to 225 °C and held
for 2 min; MS 70 eV, scan range 40 to 300 amu. Compounds were identified by using database
NIST MS Search library (NIST 20) (version 2.3. National Institute of Standards and
Technology, Gaithersburg, Maryland, USA). Data was processed with Chromeleon 7

Chromatography Data System Software (Thermo Fisher Scientific, Switzerland).

2.14. Statistical analysis

Data were analysed statistically using Statistica 13.3 (TIBCO Software Inc., Palo Alto,
CA, USA). The differences between the samples were determined using the one-way ANOVA
with Duncan’s test. All analysed differences were considered statistically significant if the p-

value was below 0.05. Volatile compounds were analysed statistically using a one-way

10



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

ANOVA with Tukey WSD test in SPSS (IBM SPSS Statistics, version 25.0.0.1, IBM, New

York, USA).

3. Results and Discussion

3.1. Effect of starch type on emulsion morphology and particle size distribution

Fig. 1 shows images of used starches and maltodextrin. As expected, native starches were
characterized by a spherical structure, while pregelatinized starches were similar to flakes. The
SEM images also show that the native rice starch (R1) was characterized by much smaller
particles compared to the native potato starch (P1). Do s of the main fraction for R1 was 6 um,
while for P1 it was 45 pum. It was additionally seen that R1 particles formed agglomerates.
Chen et al. (2003) also observed that granules of rice starch had attached to each other after 60
min of ball-milling. This suggests that glycosidic bonds were broken during milling, increasing
the number of free hydroxy groups to form hydrogen bonds between starch molecules (Li et
al., 2014). Maltodextrin (M) SEM image (Fig. 1) was typical for this starch preparation, where
different particle sizes can be observed with a spherical shape and rough surface resulting from
different DE values and the drying process (Ogrodowska et al., 2022; Siemons et al., 2020;
Alamilla-Beltran et al., 2005).

Starches, maltodextrin, and gum Arabic were the wall materials used in the current
experiment to prepare emulsions of the LEEs. The wall materials are absorbed in the interface
between the aqueous and oil phases, resulting in lower surface tension, increased repulsion
force, and prevention of droplet aggregation (Mahdi et al., 2022). Furthermore, the type and
proportions of ingredients used as coating material (Mahdi et al., 2022) and homogenization
parameters (Damerau et al., 2022) affect the emulsion droplet size. Mahdi et al. (2022)

observed evident differences between the mean size diameter of droplets in the Citrus

11
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reticulata essential oil (CREO) emulsions, which ranged from 352.85 to 664.74 nm. The whey
protein-based CREO emulsion had the lowest diameter, while the highest value was found in
the gum Arabic-based CREO emulsion. In contrast, combining whey protein with
polysaccharides resulted in lower diameters than emulsions consisting of polysaccharides
alone. On the other hand, in an experiment conducted by Damerau et al. (2022), the range of
droplet diameters in the emulsion before the homogenization process was between 0.9 and 100
um. The homogenization process significantly affected droplet size distribution, creating
droplets in the range of 0.05—-1 pm.

The image of the emulsion with R1 (Fig. 2) shows that its structure is not uniform, and
the oil droplets tend to coalesce into larger aggregates. The interaction force between the
droplets of the dispersed phase was not large because the aggregates disintegrated in the
measuring cell during the analysis due to the mixing and circulation. The particle size
distribution of emulsion with R1 was monomodal, with particles in the range of 1-15 um. The
image of emulsion with R2 shows a bimodal distribution of particles. A clearly dominant
fraction is in the particle size range of 5.7—40 um, while a small fraction of particles in the size
range of 1-4.3 um can also be observed. Droplets of the dispersed phase in emulsions
containing pregelatinized starches do not tend to aggregate into clusters. The maintenance of
dispersion of the oil phase can be explained by the alteration of the rheological properties of
the dispersion system due to the addition of pregelatinized starch, which limited the migration
of oil droplets, thus stabilizing the entire dispersion system (Dreher et al., 1999).

The particle size distribution of the emulsion with P1 is also bimodal (Fig. 2). The first
fraction is in the range of 0.6—6.6 um, while the second is in the range of 13.2-79.4 um.
Probably the first fraction is oil droplets, while the second fraction is starch granules, which is
confirmed by the comparison of emulsion size distributions with the size distribution of native

potato starch. Thus, large granules of starch were present in the emulsion after homogenization.
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This thesis is supported by optical images of emulsion with P1, which show a fraction of the
emulsified oil phase and much larger granules of native potato starch (red loops). It is worth
nothing that a large fraction of starch shows a tendency to sediment (Saari et al., 2016).

As in the case of R2, in the microstructure of the emulsion with P2 there were two
fractions of oil droplets that differ in diameter. However, their sizes were not significantly
different from each other, therefore the existence of fraction of oil droplets with smaller
diameters can be seen in the figure of the particle size distribution as a breakdown of the
distribution curve and not a separate peak (Fig. 2), as is the case of emulsion with pregelatinized
rice starch (R2). The particle size distribution of the emulsion based on P2 indicates the
presence of one fraction of particles in the diameter range of 0.6—26 um. However, the visible
breakdown of the distribution curve around 1 um may imply the presence of a separate fraction
of smaller particles at this point.

The particle size distribution of the emulsion based on M (Fig. 2) indicates the presence
of one fraction of particles with diameter range of 0.48—6.6 um. As in the case of LEE
emulsions with P2, the particle size distribution plot shows a kink in the small particle region,
indicating the presence of a separate particle fraction. Emulsions containing M and P1 were
emulsions in which the particle size of the dispersed phase of the main fraction was below 10
um. The microscopic images reveal that droplets were evenly dispersed in space and did not

tend to form agglomerates.

3.2. Effect of starch type on emulsion stability

Turbidimetric analysis involves measuring the intensity of light reflected or transmitted
through a test sample. The light directed onto the sample is emitted in a pulsating manner, and
its detection is carried out by appropriate detectors (Lu et al., 2017). In the case of the analysed

emulsion samples, the transmitted light (transmittance) is very low, T < 0.2 (data not shown).

13
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Therefore, stability analysis is based on backward scattering measurements. A sample is
considered stable within the observed time when the determined profiles of backscattering
values overlap, indicating uniform structure within the analysed area. This is also reflected in
the value of the backscatter value (ARW) curve coefficient, which takes values close to zero
for stable samples. Turbidimetric analysis of the stability of the emulsions showed that
emulsions containing pregelatinized starches had relatively better stability than those made
with native starches (Fig. 3). This is related to the presence of a separate fraction in emulsions
containing native starches. In both cases, the graph of changes in the backscatter value (ARW)
over time of emulsions containing native starches indicates a change in the emulsion structure
associated with starch sedimentation and creaming of the oil phase that progressed during the
measurement. However, in the case of the emulsion containing R1, the sedimentation process
is the strongest, which can be related to the enhanced agglomeration ability of these small
starch granules. Based on the graphs for emulsions containing R2, P2 and M, emulsion
degradation by creaming is the smallest. The values of simple slopes RW suggest that, apart
from the emulsion with M, the emulsion containing R2 was the most stable, despite the
presence of relatively large droplets in the oil phase. Kim & Shin (2009) also used delta
backscattering profiles to investigate the creaming stability of the emulsions. In their
experiment, at the beginning of the scanning, the emulsion was homogeneous, but over time,
ARW increased at the top part of the cylindrical glass cell and decreased at the bottom part.
These results indicated that particle concentration at the top of the emulsion increased with
particle migrations and that a subsequent cream layer was formed. This occurs because over
time, the oil phase, having a lower density relative to the continuous phase of the emulsion,

tends to concentrate in the upper layer of the measurement cell.

3.3. Effect of starch type on emulsion rheological properties

14
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The rheological properties of an emulsion play a key role in both its stability and the
encapsulation process. Different rheological characteristics can affect different aspects of these
processes. The high viscosity of the emulsion allows stabilization of the dispersed phase,
limiting its coalescence, which is later reflected in the uniform distribution of the core in the
capsule matrix. Besides, viscosity influences the process of atomization of the feed in the
drying chamber and the final size and shape of the capsule (Samavati et al., 2012). Emulsions
containing native rice and potato starches and maltodextrin showed a constant value of the
dynamic viscosity coefficient, independent of the change in the shear stress value. An example
of the data for rice starch is shown in Fig. 4. Changes in the value of shear stress as a function
of shear rate show that the emulsions met the criteria of a Newtonian fluid. The dynamic
viscosity coefficient values for samples containing native starches (R1, P1) are at levels of
0.021 and 0.018 Pa s, respectively (Table 1). In turn, the viscosity of the sample containing M
was at the lowest level (0.016 Pa s). This might be due to the high content of saccharides with
a low polymerization degree in maltodextrin (Ozbek & Ergéniil, 2020).

In a study conducted by Mahdi et al. (2022) the viscosity values of gum Arabic,
maltodextrin, and whey protein at a low shear rate were 0.087, 0.049, and 0.045 Pa-s and at a
high shear rate were 0.024, 0.003, and 0.006 Pa-s, respectively. It was stated that maltodextrin
reduces the emulsions’ viscosity. According to Ang et al. (2021), the rheological properties of
de-structured waxy potato starches were observed to change from shear-thickening, shear-
thinning to Newtonian behaviour with increased treatment temperatures from 120 to 150 °C.
Such behaviour contrasts with the shear-thinning behaviour observed in the gelatinized potato
starch (95 °C).

Emulsions containing pregelatinized starches (R2 and P2) showed characteristics of a
non-Newtonian fluid (Fig. 4). It can be seen that the shear stress decreases with increasing

shear rate. Moreover, the emerging hysteresis loop indicates that the emulsions have
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thixotropic properties but do not have a yield point (Ghica et al., 2016). The results were
described using the rheological model of Ostwald de Waele, and the determined values of the
coefficients are presented in Table 1. The consistency index (K) was lower in the sample
containing R2 (0.32) compared to sample containing P2 (0.80). The opposite relation was
observed in the case of the flow behaviour index (n), but these values are more uniform: 0.83
and 0.79, respectively (Table 1). The fitting coefficients of the measurement data to the
Ostwald de Waele model were R? = 0.9998, indicating that the applied model accurately
reflects the rheological properties of the tested sample. The absence of a yield point suggests
that samples containing pregelatinized starches do not have the minimum stress value required
to initiate flow. In the process of spraying thixotropic emulsions combined with their drying,
as occurs in spray drying, the maximum shear force occurs during atomization, and at this
point, the viscosity is the lowest. This can lead to the occurrence of secondary emulsion
homogenization (Munoz-Ibanez et al., 2015), which affects encapsulation efficiency. There
was no negative effect of the non-Newtonian nature of the R2 and P2 emulsions on powder
properties. On the contrary, these powders were characterized by a lower surface oil content
and thus a higher encapsulation efficiency. McMaster et al. (2005) reported that for successful
encapsulation, the selected material should exhibit non-Newtonian properties i.e., be a
relatively viscous material with solid properties.

In a study conducted by Ozbek and Ergoéniil (2020), a mixture design with three
components (20 % solid matter) was employed to evaluate the effects of whey proteins,
maltodextrin, and gum Arabic on the rheological and physical properties of emulsions and
some physicochemical characteristics of freeze—dried microcapsules. All the emulsions
exhibited non—Newtonian behaviour. The viscosity of the emulsions decreased as the shear rate
increased. The flow behaviour index (n) ranged between 0.36 and 0.46, which demonstrates

that all the emulsions had shear-thinning (pseudoplastic) properties. Matsumura et al. (2000)
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reported that a gum Arabic solution is considered to be a non-Newtonian fluid when its
concentrations is 18 % (w/w). Our study showed that non-Newtonian behaviour of fluid is

observed also at concentration of gum Arabic at 7.5 % with 7.5% of pregelatinized starches.

3.4. Effect of starch type on powder morphology

The powder images (Fig. 5) show spherical particles typical of spray-dried products
(Damerau et al., 2022; Sousa et al., 2022; Eztbach et al., 2020). On their surfaces are visible
cracks and pores, resulting from the fast water evaporation during the drying process and a
large number of small spots. According to Wagdare et al. (2011), these spots are oil droplets
enclosed within the polymer shell. Marquez-Gomez et al. (2018) observed these phenomena
during the spray-drying of orange essential oil using modified rice starch as wall material. In
their study, a spherical morphology of the microcapsules with a rough surface and high oil
content on the surface was found. In the current study, the powders with pregelatinized starches
(R2 and P2) were characterized by a greater number of particles with cracks, whereas the
powders with native starches (R1 and P1) and M had greater sphericity. Similar morphologies
of powders containing native rice starch (Ogrodowska et al., 2022) and maltodextrin

(Ogrodowska et al., 2017) were also observed previously.

3.5. Effect of starch type on powder physicochemical properties

Table 2 shows the physicochemical characteristics of powders. The moisture content was
the highest in the powder containing R1 (3.33 %) and the lowest in the sample with P1 (2.31
%). In our previous study (Ogrodowska et al., 2022), similar results were obtained for powders
containing native starches (2.40-3.11 %). Use of P1 as a wall component resulted in a powder
with the highest surface oil content (20.7 %). In turn, the use of P2 resulted in a low content of

surface oil in the powder (13.5 %). This dependence was not observed in the case of rice
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starches (R1 and R2). In both samples, these levels were close to 16 % and were not statistically
different (p < 0.05). The high differences between powders with native starches were probably
the result of their pasting and solubility properties. Typically, potato starch is characterized by
a higher pasting temperature (84.0 °C) and lower solubility at 40 °C compared to rice starch
(65.2 °C) (Sanchez et al., 2010), which resulted in a lower covering of the core by the coating
material with P1. The encapsulation efficiency is highly correlated (r =-0.9989) with the share
of powder surface oil. Powder with P1, which contained the highest content of surface oil, was
characterized by the lowest encapsulation efficiency (45.1 %). Pregelatinization of potato
starch resulted in a significantly higher encapsulation efficiency (63.7 %). Such phenomena
did not occur in rice starch. Marquez-Gomez (2018) also recommended rice starch as wall
material is a viable alternative for encapsulation of essential oil because its high encapsulation
efficiency. The highest encapsulation efficiency values (73.9 %) were found for powder made
with M. Used maltodextrin has a relatively high dextrose equivalent of 17.5, indicating a high
degree of depolymerization (Xiao et al., 2022), which can affect encapsulation efficiency
results. Abd Ghani et al. (2017b) reported that encapsulation efficiency increased from 74 %
to about 89 % on increasing DE values from 11 to 19. In their study, surface oil ratio for MD
of DE = 11 was 26 % and almost two times that for DE = 19. Also, Campelo et al. (2017)
confirmed better results for encapsulation efficiency when maltodextrin with higher DE was
used. Furthermore, they found that a higher degree of hydrolysis of the maltodextrin chains
(DE from 10 to 20) influenced particles with smoother surfaces and no visible fractures, which
may protect the encapsulated material further.

The values of encapsulation efficiency obtained in the current study are similar to those
presented by other authors. Firtin et al. (2020) used a mixture of maltodextrin and gum Arabic
in a ratio of 1:1 as a coating material and obtained a powder characterized by an encapsulation

efficiency of 67.4 %. According to Linke et al. (2020), an emulsion containing large droplets
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results in a powder with a higher content of non-encapsulated oil. This phenomenon was
observed in the current study; the exception was only the powder containing P1. The high
content of surface oil, despite the relatively small emulsion droplets in this sample, may be due
to the difficulties that occurred during the homogenization of this emulsion, which resulted in
visible starch granules in optical images of the emulsion (Fig. 2). It follows that the coating
materials, with the exception of P1, probably form strong internal complexes with LEEs.
According to Tang and Copeland (2007), the lipid molecules can form complexes with amylose
or self-associate into micellar structures.

The powders with pregelatinized starches (R2 and P2) were characterized by a higher
surface weighted mean diameter (D3 ) compared to powders containing native starch (R1 and
P1) (Table 2). The opposite relation was observed in the case of the volume weighted mean
diameter (Da43), where values were higher for powders containing native starches (R1 and P1).
In the case of rice starch, the results for the diameter D43 were statistically indistinguishable
(ca. 110 um). In contrast, the diameter D43 of powders with potato starches highly differs, with
a value for P1 of 89.8 um, while for P2 of 41.4 um. The D43 diameter and droplet size
distribution (Span) were at the highest level for the sample containing R1 (Table 2). The
specific surface area (SSA) varied from 0.18 (R2) to 0.29 m*/g (M). SSA and Span values were
lower in powders made with pregelatinized starches (Table 2). This shows that particle size
was not directly correlated with emulsion viscosity. The results of Abd Ghani et al. (2017a)
suggest that higher encapsulation efficiency and lower surface oil content are achieved with
particles of larger diameters and smaller oil droplets in spray-dried powders. It may explain the
lower encapsulation efficiency of P1 powder with a smaller particle size compared to R1

powder.

3.6. Effect of starch type on powder oxidative stability
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Linseed oil has a high content of omega-3 a-linolenic acid (Tanska et al., 2016), which
is easily oxidized due to the occurrence of three double bonds. Additionally, ethyl esters of oils
are more susceptible to oxidation compared to oil, which is confirmed by the results presented
in Fig. 6. The oxidation stability index (OSI) of LEEs was only 0.48 h. The encapsulation
process increased the stability of LEEs by 2.3-3.1 times. Gallardo et al. (2013)
microencapsulated linseed oil using maltodextrin and gum Arabic mixture as a coating material
and determined an induction time of 3.8 h at 100 °C, which was 1.8 times higher compared to
linseed oil. Pregelatinization of the starches increased OSI values, with the highest value for
the powder with P2 (1.68 h). It can be seen in the case of potato starch that OSI values are
related to the content of surface oil, since the lower oxidative stability exhibited powder
containing P1 with higher content of surface oil compared to powder with P2 (Table 2). This
phenomenon was previously confirmed in the study conducted by Drusch & Berg (2008). In
turn, Ogrodowska et al. (2022) reported that oxidative stability was more dependent on
carbohydrate wall material characteristics (ability to form a glassy shell that blocks surface

pores, limiting oxygen diffusion toward the core material) than the surface oil content.

3.7. Volatile compounds of linseed oil (LO), LEEs and final powders

Twenty volatiles were identified in LO (Supplementary Table 1) with the HS-SPME-
GC-MS method applied. The main volatiles detected were alcohols, followed by aldehydes,
ketones, and furans. The most abundant volatile compound detected was 1-hexanol (Z).
Identified volatiles have also previously been detected in linseed oils (Dlugogorski et al., 2012;
Gomez-Cortés et al., 2015; Krist et al., 2006). The high number of alcohols compared to
aldehydes is typical for cold pressed linseed oil, since heating will increase the number of
aldehydes and other volatile secondary lipid oxidation compounds (Dlugogorski et al., 2012;

Gomez-Cortés et al., 2015).
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The volatile profile of LEEs compared to LO showed that the majority of volatiles of
LO are lost in the ethyl esterification process, most likely due to the distillation step to remove
residual ethanol and washing steps (Supplementary Table 1). While residual ethanol was
removed, significant amounts of ethanol were still detected in LEEs. As ethanol was only a
minor compound in the volatile profile of LO, it can be concluded that the ethanol detected in
LEE is retained ethanol from the ethyl esterification process. Main compounds detected in both
LEEs and LO were hexanal, 3-hydroxy-2-butanone, 1-hexanol (Z), 3,5-octadien-2-one
(E,Z/E,E) and 2,3-butandiol. In addition to these, ethyl acetate, ethyl esters of short-chain fatty
acids, and newly formed volatile secondary lipid oxidation compounds like 2,4-heptadienal
(E,Z/E,E) were detected in LEEs as a result of the ethyl esterification process.

The volatile profiles of the spray-dried emulsions contained the same compounds as
LEEs with the addition of terpenes originating from coating materials. Although a semi-
quantitative comparison of the volatile profiles of LEEs and the spray-dried emulsion is
difficult based on the differences in surface area and composition affecting the release of
volatiles, it seems ethanol was further removed through spray-drying. Ethanol was most likely
evaporated together with water in the drying process. To evaluate the effect of coating material
on the release and retention of volatile compounds, peak areas of ethanol, hexanal, 3-hydroxy-
2-butanone, 2,4-heptadienal (E,Z/E,E), and 3,5-octadien-2-one (E,Z/E,E) were compared.
Ethanol was selected as its removal is desired. The other compounds are all originating from
the encapsulated LEEs rather than from coating material. The highest retention of ethanol was
seen for LEEs powder with P1, followed by powders with P2 and R2 (Fig. 7A). The lowest
retention was seen for powders with M, which could be because of the smaller polymer size of
M compared to the starches (Fig. 1). Low amounts of hexanal, 2,4-heptadienal (E£,Z/E,E), and
3,5-octadien-2-one (E,Z/E,E) were detected for powders containing R2, P1, and P2, with no

significant differences (Fig. 7B). For powder with P2, the amount of 3-hydroxy-2-butanone
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was significantly higher than for powders with R2 and P1, although the lowest amounts were
found for those containing M and R 1. 3-Hydroxy-2-butanone found naturally in foods is mainly
synthesized by microorganisms or higher plants (Xiao & Lu, 2014) and is therefore originating
from LO raw material in our study. While the hexanal, 2,4-heptadienal (E,Z/E,E), and 3,5-
octadien-2-one (E,Z/E,E) are typical volatile secondary lipid oxidation compounds of linseed
oil (Dlugogorski et al., 2012) and therefore could still be formed during the spray-drying
process. Therefore, the high levels detected in powder containing M, followed by powder
containing R1 of these volatiles could indicate either a higher release or oxidation of omega-3
fatty acid or both. This is consistent with the slightly lower value of OSI in samples with M
and R1 (Fig. 6). In general, lower detected volatiles are desired for flavour masking and
retarding oxidation; therefore, overall powder containing R2 performed the best, followed by

powders containing P1 and P2.

4. Conclusions

This study investigated the effect of starch type (native or pregelatinized) on the
properties of linseed oil ethyl ester emulsion and resulting powder produced by spray-drying.
The native starches used had spherical structures and were characterized by a smaller size,
while pregelatinized starches were similar to flakes. Additionally, the native potato starch was
characterized by much larger particles compared to the native rice starch, which resulted in the
obtaining the emulsion having a bimodal distribution of droplets. Although the dimensions of
droplets in emulsions containing native starches were generally smaller, the use of
pregelatinized starches improved the emulsion’s stability, and emulsion degradation by
creaming was comparable to that of a control emulsion containing maltodextrin. Furthermore,
a non-Newtonian fluid characteristic was discovered in emulsions containing pregelatinized

starches, while emulsions with native starches met the criteria of a Newtonian fluid. Drying of
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emulsion with pregelatinized potato starch resulted in significantly higher encapsulation
efficiency in comparison to native potato starch and diminished surface oil content. Such
effects were not observed for rice starch since both preparations were characterized by similar
encapsulation efficiency and surface oil content. In general, native and pregelatinized rice
starches and native potato starch were more efficient for oxidative stabilization of linseed oil
ethyl ester powders than maltodextrin. The analysis of volatile compounds showed that all the
starches used inhibited the formation of the typical volatile secondary linseed oil oxidation
products. The powders with pregelatinized rice starch had the least pronounced release of
volatiles, followed by powders with both types of potato starches. When overviewing all
results, it was found that pregelatinized potato starch is good encapsulating agent for linseed
oil ethyl esters, that can be used to replace maltodextrin. However, it is still possible to further
optimise the emulsion preparation and/or spray-drying process conditions towards higher
encapsulation efficiency and higher oxidative stability to increase the possible application of
powders in food products such as yogurts, juices, drinks, infant formulas, or smoothies. Starch-
based encapsulated oil can be successively employed in bakery and pastry products, enriching
them with bioactive compounds, especially omega-3 fatty acids that are highly susceptible to
oxidation. Starch-based encapsulation can also benefit in terms of masking specific flavour,
and increasing water solubility of omega-3 sources, such as linseed, fish or microalgae oils or

omega-3 concentrates.
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Fig. 1. SEM images of native rice starch (R1), pregelatinized rice starch (R2), native potato

starch (P1), pregelatinized potato starch (P2), and maltodextrin (M).
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Fig. 2. Optical microscope images (red loop — starch grains, magnification 40x) and particle
size distribution (solid line — emulsion, the dotted line — unhomogenized starch “background”)
in LEEs emulsions with native rice starch (R1), pregelatinized rice starch (R2), native potato

starch (P1), pregelatinized potato starch (P2), and maltodextrin (M).
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Fig. 3. Changes in the backscattering of light (ARW), and backscattering coefficient (RW) in
the height range of 7-70 mm observed for LEEs emulsions with native rice starch (R1),
pregelatinized rice starch (R2), native potato starch (P1), pregelatinized potato starch (P2), and
maltodextrin (M). The lines of different colours represented the changes in the light back

scattering over time.
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Fig. 4. Changes in the value of shear stress (1) as a function of shear rate (y) of an emulsion

containing native rice starch (R1) and pregelatinized rice starch (R2).
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Fig. 5. SEM images of LEE powders with native rice starch (R1), pregelatinized rice starch

(R2), native potato starch (P1), pregelatinized potato starch (P2), and maltodextrin (M).
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826  Fig. 6. Oxidative stability index of LEE and LEES powders with native rice starch (R1),
827  pregelatinized rice starch (R2), native potato starch (P1), pregelatinized potato starch (P2), and
828  maltodextrin (M). All values are mean + standard deviation (n = 3). Means with different letters
829 are significantly different (p <0.05).
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heptadienal (E,Z/E,E) and 3,5-octadien-2-one (E,Z/E,E) (B) in LEEs powders with native rice
starch (R1), pregelatinized rice starch (R2), native potato starch (P1), pregelatinized potato
starch (P2), and maltodextrin (M). Different letters above bars indicate a statistically significant

difference (p < 0.05) between peak areas of different powders for each volatile compound.
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837  Table 1. Characteristics of viscosity, consistency index (K) and flow behaviour index (n) of

838 LEEs emulsions.

R1 R2 P1 P2 M
Viscosity
0.021 +£0.01 - n.a. 0.018 £ 0.01 - n.a. 0.016 £ 0.01
(Pas)
K n.a. 0.32+0.01 -n.a. 0.80 +0.02 -n.a.
n - n.a. 0.83 £0.01 -n.a. 0.79 £0.01 -n.a.

839  LEES emulsions with native rice starch (R1), pregelatinized rice starch (R2), native potato starch (P1),
840 pregelatinized potato starch (P2), and maltodextrin (M). n.a. — not analysed (parameters dependent on rheological
841 characteristics of emulsion which exhibits thixotropic properties). All values are mean + standard deviation (n =

842 6.

843
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Table 2. Physicochemical properties of LEEs powders.

R1 R2 P1 P2 M
Moisture (%)  3.33£0.26  3.09+0.10° 2.31+021* 2.79+0.09° 2.49+0.05°
Surface oil
16.3+£0.49° 159+0.05 20.7+0.719 13.5+0.34> 9.8+0.46

(%)
Encapsulation

55.63+0.73> 56.82+0.18° 45.08+1.11*° 63.69+0.70° 73.90 + 0.90¢
efficiency (%)
Ds 5 (um) 27.6+033°  329+1.34° 259+1.09° 29.6+0329 20.9+0.36
Da3 (um) 110.1 +£14.03° 106.5+8.72¢ 89.8+9.93> 41.4+0.29° 96.4+8.17°
Span (-) 6.08+£0.82¢ 3.41+037° 242+0.19° 1.68+0.06* 4.38+0.27¢
SSA (m*/g) 0.22+0.00° 0.18+0.000 0.23+0.019 020+0.00° 0.29+0.01°

LEEs powders with native rice starch (R1), pregelatinized rice starch (R2), native potato starch (P1),

pregelatinized potato starch (P2), and maltodextrin (M). D3,2 — Sauter mean diameter (the surface weighted mean

diameter, De Broucker mean diameter D4,3 (the volume weighted mean diameter), SSA — specific surface area.

All values are mean + standard deviation (n = 6). Means within a row with different letters are significantly

different (p < 0.05).
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Supplementary Table 1

Retention times, Kovats retention index, match with NIST Mass Spectral Library (NIST 20;

perfect match with spectra of pure compound is 1000) and main ions in the MS-spectra of 20

identified volatile compounds analysed from linseed oil.

10

11

12

13

14

15

16

17

18

19

20

* volatile compounds also identified in linseed oil ethyl esters

Compound

2-methylfuran
3-methylbutanol
ethanol”
2-ethylfuran
2-butanol
1-propanol
hexanal”
2-methyl-1-propanol
3-pentanol
1-penten-3-ol
3-methyl-1-butanol
2-hexenal (E)
1-pentanol
3-hydroxy-2-butanone”
1-hexanol”
3-hexen-1-ol (Z)

3-octanol

3,5-octadien-2-one (E,Z/E,E)"

2.3-butanediol”

y-butyrolactone

Retention
time
[min]
5.90
6.33
6.80
7.06

8,96

9.33

10.43
10.79
11.27
12.85
14.37
14.66
15.70
16.84
18.90
19.95
20.19
24.90
27.42

29.54

Kovats

retention

index

896

919

941

953

1032

1046

1083

1096

1113

1164

1209

1219

1254

1289

1354

1386

1393

1521

1583

1635

Match with

NIST20

874

851

932

864

954

935

967

907

944

917

936

947

960

890

952

954

913

886

970

947

Main ions [m/z]

53,70, 82
44, 85,71, 86
45
53,67, 81, 96
45,49, 73
42,59
44,56, 67,72, 82
43,55,74
41,43, 57,59
57, 67,86
41, 55,70
41, 55, 69, 83, 98
42,55,57.70
45, 53,73, 88
43, 45, 56, 69
41,53, 55,67, 82, 100
41,59, 69, 83, 101. 112
53,67, 81, 95, 109, 124
43, 45,57,75,90

42, 56, 86
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