
Citation: Ogrodowska, D.; Tańska, M.;
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Featured Application: An encapsulation strategy with the use of a spray-drying technique and
whey protein concentrate with maltodextrin as wall material is recommended to obtain oxidatively
stable powders with linseed oil and ethyl esters of this oil. These powders can be easily applied
to various food matrices, increasing the share of valuable α-linolenic acid.

Abstract: The aim of the study was to compare the encapsulation of linseed oil and its ethyl esters
using two coating materials (maltodextrin with whey protein concentrate (WPC) vs. maltodextrin
with gum arabic) and two drying methods (spray-drying vs. freeze-drying) to obtain powders
with the highest oxidative stability. A comparison was made based on the properties of emulsions
(morphology, particle size distribution, and stability) and powders (morphology, physicochemical
properties, fatty acid composition, and oxidative stability). The powder’s oxidative stability was
determined based on the Rancimat protocol. The most uniform distribution of oil droplets in prepared
emulsions was stated for ethyl esters in a mixture of maltodextrin and gum arabic. Emulsions with
WPC had a bimodal character, while those with gum arabic had a monomodal character. Gum
arabic promoted emulsion stability, while in samples containing WPC, sedimentation and creaming
processes were more visible. Powders obtained using spray-drying had a spherical shape, while
those obtained by freeze-drying were similar to flakes. Although encapsulation efficiency was the
highest for freeze-dried powders made of linseed ethyl esters with gum arabic, the highest oxidative
stability was stated for powders made by spray-drying with WPC as wall material (independently of
linseed sample form). These powders can be easily applied to various food matrices, increasing the
share of valuable α-linolenic acid.

Keywords: linseed oil; ethyl esters; spray-drying; freeze-drying; maltodextrin; whey protein; gum
arabic; induction period

1. Introduction

Linseed (Linum usitatissimum) is one of the most commonly used raw materials in
the oil industry. Annual oil production was close to 3.3 million tons in 2021 [1]. The
consumption of linseed oil exerts a beneficial effect in the prevention and treatment of
various diseases. For example, this oil contains many phytochemicals with documented
activities, e.g., the lowering of plasma cholesterol and blood pressure in dyslipidemia
patients [2]. Similarly, pharmacological studies have shown that α-linolenic fatty acid
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(n-3, ALA), as the main component of this oil, demonstrates numerous health benefits,
such as reducing metabolic syndrome, anti-cancer, anti-inflammatory, antioxidant, anti-
obesity, neuroprotective, and intestinal microflora-regulating effects [3]. Additionally, a
recent systematic review and dose–response meta-analysis of cohort studies with a total
of 1,197,564 participants confirmed that dietary ALA intake is also related with a lowered
risk of mortality due to various diseases [4]. Also, non-saponifiable components of linseed
oil (tocopherols, carotenoids, phytosterols, and lipophilic polyphenols) have additional
pro-healthy effects [2].

The consumption of ALA is crucial for human body health balance for at least two
main reasons. Firstly, it may help to achieve the recommended n-6/n-3 fatty acid ratio
below 4/1 [5,6]. Secondly, ALA can be converted into longer n-3 fatty acids such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are typical of marine
food. They are crucial for cardiovascular health and have benefits in many other conditions,
including metabolic, inflammatory, and neuropsychiatric disorders, as well as in regulating
gene expression [7]. The conversion rates of ALA to n-3 fatty acids with longer chains (DHA
or EPA) in the human body are generally low (up to 8% conversion to EPA in men and up to
21% in women [7]), but plants seem to be valuable n-3 fatty acid sources in the diet of many
consumers, especially those who avoid marine food due to an undesirable smell/odor of
these products [8] or due to a vegan/vegetarian diet choice [9]. Additionally, it is worth
knowing that the conversion of ALA to DHA and EPA can be disrupted when the of n-6
to n-3 ratio in the diet is high [5]. On the other hand, when the levels of linoleic acid and
estrogen (17β-oestradiol-3-benzoate) in the diet are low, the conversion of ALA into DHA is
increased by upregulating the fatty acids elongases and desaturases through regulating the
expression of transcription factors. Additionally, the low-linoleic acid diet and estrogen had
a synergistic effect on levels of DHA in liver and serum, through increasing the expression
of peroxisome proliferators-activated receptor alpha (PPAR-α) [10]. The presented data
show that linseed oil, or generally all sources of ALA (such as chia and hemp oils), may
constitute an important component of the daily diet of vegans, vegetarians, or consumers
avoiding seafood.

ALA can be easily oxidized via autoxidation, photooxidation, or enzyme-catalyzed
reactions. Microencapsulation is a common method of preventing this process. Encapsula-
tion can protect the unsaturated fatty acids against oxidation by shielding them against
oxygen and also hiding any unwanted flavors from the raw material. This technology
consists of two main stages: preparing a stable emulsion and then drying it. An important
element is determining the formulation of the emulsion, e.g., coating composition and
the amount of oil that can be encapsulated. The most commonly used coating materials
include chitosan, alginate, starch, maltodextrin, gums (arabic or guar), and whey protein
(WPC) [11]. Gum arabic has been proven to be the most effective coating material for
encapsulating volatiles via the spray-drying process [12]. Unfortunately, the high cost and
limited availability of gum arabic limits its use as a single coating material for encapsulation.
Therefore, it is mixed with other materials such as mesquite gum and maltodextrin to lower
the encapsulation cost [12].

The most popular encapsulation techniques include spray-drying and freeze-drying [13].
These methods differ significantly from each other. In the spray-drying process, the oil
is dispersed in a mixture of compounds creating a coating solution. Once small droplets
are formed, they are then quickly dried to obtain microcapsules [14]. In turn, freeze-
drying is recommended for encapsulation of thermally sensitive compounds. The action
of low pressure causes ice to sublimate very quickly from the frozen emulsion. [15]. It is
considered an expensive drying technology due to the use of a pump, which can provide
vacuum conditions. Thus, the complete drying process (24–48 h) concerns the high energy
consumption procedure [13].

Recently, several reports describing the encapsulation of linseed oil have been pub-
lished. Elik et al. [16] studied the encapsulation of carotenoid-enriched linseed oil and
linseed oil by spray-drying and spray freeze-drying techniques. This study showed that
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the spray freeze-drying technique had a lower encapsulation efficiency but better flow
properties. Naz et al. [17] analyzed the effect of polymer blends (gum arabic, maltodextrin,
and inulin) on the encapsulation efficiency of spray-dried microencapsulated linseed oil.
Their results showed that microcapsules containing gum arabic and maltodextrin at a
1:1 ratio had the best encapsulation efficiency, close to 92%. In turn, Avci et al. [18] inves-
tigated the production of freeze-dried linseed oil powders using rocket seed gum as an
alternative encapsulation material. More information on the types of materials used to
encapsulate bioactive compounds is summarized in a recent review by Diaz-Montes [11].

ALA sources in diets can be real oils (linseed, chia, hemp, etc.) or their preparations like
ethyl esters [19–21]. Data on the encapsulation of linseed oil is relatively easily accessible.
In contrast, information showing the results of the encapsulation of such ethyl esters to
protect them against oxidation is scarce. In our previous study, the possibility of efficient
encapsulation of linseed oil ethyl esters using spray-drying with the use of pregelatinized
potato starch was presented [22].

In this context, the aim of the current study is to compare the encapsulation of linseed
oil and its ethyl esters using the most common coating materials (maltodextrin with WPC
vs. maltodextrin with gum arabic) and methods (spray-drying vs. freeze-drying) to obtain
linseed oil or its ethyl esters powders with the highest oxidative stability.

2. Materials and Methods
2.1. Materials and Reagents

Cold-pressed linseed oil (L, free fatty acid content = 0.5%, and water content = 0.06%)
was purchased from the company “Olejarnia Świecie” (Świecie nad Osą, Poland), maltodex-
trin (DE = 17.5, moisture 57.0%, pH 4.8) from Pepees S.A. Company (Łomża, Poland), whey
protein concentrate (WPC 50) from Ostrowia Company (Ostrów Mazowiecka, Poland),
and gum arabic from Kremer Pigmente GmbH&Co.KG (Aichstetten, Germany). Addition-
ally, 96% ethyl alcohol and potassium hydroxide (KOH) were purchased from Chempur
(Piekary Śląskie, Poland). Chloroform, n-hexane, methanol, and zinc were purchased from
Sigma-Aldrich (Poznań, Poland).

2.2. Linseed Oil Ethyl Esters Production

Linseed oil ethyl esters (E) were produced in a one-step transesterification process at
elevated temperatures. Firstly, a solution of alkaline catalyst in ethyl alcohol (3 g of KOH in
400 mL of 96% ethyl alcohol) was prepared [23]. Then, the catalyst–alcohol solution was
added to 200 g of linseed oil in a round flask, and the mixture was refluxed at 76 ◦C for 2 h
in a water bath. After the transesterification process, residual ethanol was removed from
the reaction mixture by distillation in a R-210 rotary vacuum evaporator (Büchi, Flawil,
Switzerland), and the mixture was washed three times with distilled water (100 mL) using
a laboratory separatory funnel. Finally, the ethyl esters were centrifuged at 7130× g for
15 min using the MPV-350R laboratory centrifuge (MPW Med Instruments, Warsaw, Poland)
to remove any impurities (solids, glycerol, and water). The purity of the linseed oil ethyl
esters was confirmed by thin-layer chromatography.

2.3. Emulsion Preparation

The samples were prepared by mixing wall materials, water, and lipid fraction using a
Thermomix (Vorwerk, Germany) at 9000 rpm for 120 s (compositions of prepared emulsions
are presented in Table 1). L or E were added (200 g per 1800 g of wall materials and water
mixture) and mixed (at 9000 rpm for 120 s) to obtain an emulsion. The resulting emulsion
was additionally homogenized (first at 24 MPa and then at 4 MPa) using a Panda 2K
laboratory homogenizer (GEA Niro Soavi, Parma, Italy). The compositions of the prepared
emulsions were optimized in preliminary studies.
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Table 1. Compositions of prepared emulsions (%).

Variant Water Linseed
Oil (L)

Linseed
Oil Ethyl
Esters (E)

Maltodextrin
(M)

Gum
Arabic (G)

Whey Protein
Concentrate (W)

LMG 75 10 7.5 7.5
LMW 75 10 7.5 7.5
EMG 75 10 7.5 7.5
EMW 75 10 7.5 7.5

2.4. Emulsion Properties Analysis

The emulsion microstructure was analyzed at a magnification of 40× using a Motic BA210E
apparatus with a Motic Camera 1080p optical microscope (Motic, Kowloon, Hong Kong). The
droplet size of the emulsion was measured using a Mastersizer 2000 (Malvern Instruments
Ltd., Worcestershire, UK). The emulsion’s stability was determined using the turbidimetric
method by measuring the backscattering of light (∆RW) using a Turbiscan Classic 2 every
5 min for 24 h. The profile of changes in the backscattering coefficient (RW) over time was
analyzed, and the slope coefficient of the curve was calculated.

2.5. Encapsulation Process

Two techniques were employed to prepare encapsulated linseed oil and its ethyl
esters. To obtain spry-dried samples (SD), a pilot-plant spray-dryer (A/S Niro Atomizer,
Copenhagen, Denmark) was used. The drying parameters were controlled to maintain an
inlet temperature of 130 ◦C and an outlet temperature of 90 ◦C, and the feed flow rate was
77 mL/min. The freeze-dried samples (FD) were obtained with a Cryolizer Freeze Dryer
type B-64 (New Brunswick Scientific Co., Inc., Edison, NJ, USA). The emulsions were
included in aluminum pans and frozen at −20 ◦C for 24 h. Then, the samples were freeze-
dried at a pressure of 0.12 mbar with a drying time of 72 h. During the freeze-drying process,
the product temperature increased from an initial value of −50 ◦C to a final temperature of
18 ◦C. After the freeze-drying process, the samples were ground by using a glass rod to
transform them into powder.

2.6. Encapsulation Efficiency Analysis

Firstly, the surface oil content (SOC) was determined by the extraction of 2 g of powder
with 15 mL of n-hexane for 2 min at room temperature. Then, the solvent was filtered, and
the residue was rinsed three times with 25 mL of n-hexane. The solvent was evaporated
using a rotary evaporator (Büchi Labortechnik AG, Flawil, Switzerland). The extracted oil
was weighed, and the SOC was expressed as a percentage of the powder. The encapsulation
efficiency (EE) was calculated based on Equation (1), where the total oil content (TOC) is
the amount of oil in the anhydrous fraction of prepared emulsion (40%) calculated based
on the emulsion formulation (Table 1).

EE (%) =
(TOC − SOC)

TOC
·100 (1)

2.7. Powder Basic Properties Analysis

The moisture content of the powders was determined at 105 ◦C according to the AOAC
official method 925.10 [24]. Samples were dried until a constant weight was obtained in
two consecutive readings.

The morphology of the powders was characterized using scanning electron microscopy
(SEM Quanta 200; FEI Company, Hillsboro, OR, USA) according to Ogrodowska et al. [22].

Powder particle sizes were analyzed using the Mastersizer 2000. Powders were also
characterized by Sauter mean diameter D3,2 (the surface weighted mean diameter), De
Brouckere mean diameter D4,3 (the volume weighted mean diameter), and specific sur-
face area (SSA). Additionally, the width of the distribution (Span) was calculated based
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on the distribution of diameters of the droplets at which 90%, 50% or 10% of the sam-
ple was smaller than the size measured (d0.9, d0.5, and d0.1, respectively) according to
Equation (2) [25].

Span =
d0.9 − d0.1

d0.5
(2)

2.8. Fatty Acid Composition

The GC–MS technique was applied to the analysis of the fatty acids composition
according to the method described previously [26]. The analysis was performed on a
BPX70 (25 m × 0.22 mm × 0.25 µm) capillary column (SGE Analytical Science, Victoria,
Australia) with the use of a GC–MS QP2010 PLUS system (Shimadzu, Kyoto, Japan). He-
lium at a flow rate of 1.3 mL/min as a carrier gas was used. The temperature of injection
was set at 230 ◦C, and the column temperature was subsequently increased from 150 ◦C
to 180 ◦C (10 ◦C/min), to 185 ◦C (1.5 ◦C/min), to 250 ◦C (30 ◦C/min), and then a
10 min hold. The GC–MS interface and ion source temperatures were set at 240 ◦C, and
the ionization energy was set at 70 eV. The total ion current (TIC) mode was used in the
50–500 m/z range. Identification was based on mass spectra compared to mass spectral
libraries (NIST08 library, Shimadzu, Kyoto, Japan).

2.9. Oxidative Stability Analysis

The oxidative stability index (OSI) of linseed oil, ethyl esters, and powders was tested on a
Rancimat apparatus 743 (Metrohm, Herisau, Switzerland), according to Ogrodowska et al. [22].
Briefly, 2.5 g of sample was weighed in a reaction vessel and placed in a thermostated electric
heating block at a temperature of 110 ◦C. A stream of air was forced through the vessel with a
flow rate of 20 L/h. The detection of volatile oxidation products was based on the conductometric
technique, and the time that elapsed until these oxidation products appeared was saved as the
induction period describing the stability of samples.

2.10. Statistical Analysis

Data were analyzed statistically using Statistica 13.3 (StatSoft, Kraków, Poland), and
the one-way ANOVA with Duncan’s test was applied. All stated differences were consid-
ered statistically significant if the p-value was below 0.05.

3. Results
3.1. Emulsion Properties
3.1.1. Morphology

The microstructure/morphology of emulsions could not be observed by unaided eyes
since their particles are smaller than 100 µm [27]. Therefore, various types of microscopes
are used to observe the microstructure of emulsions.

The images of emulsion samples taken with an optical microscope reveal their complex
microstructure (Figure 1). In three samples (LMW, EMW, and LMG), the presence of
agglomerates consisting of several droplets of the oil phase was observed, with these
clusters being the largest in the LMG sample. In the EMG sample, no occurrence of such
agglomerates was observed. Campelo et al. [28] reported that the formation of larger
droplets is related with a higher viscosity of proteins and longer-chain maltodextrins of
low emulsifying capacity. Additionally, lower emulsion viscosity hinders the formation
of smaller droplets, which is related to the aggregation and increase of these droplets. In
their study, microscopy images showed larger droplets for samples with higher amounts of
WPC and maltodextrin with a low dextrose equivalent. In contrast, according to Premi and
Sharma [29], the emulsion prepared from maltodextrin with WPC had a lower viscosity
than maltodextrin with gum arabic and simultaneously showed larger droplets than the
maltodextrin with gum arabic. The authors explained this phenomenon as an effect of the
low stability of emulsion droplets and lower resistance in droplet movement in maltodextrin
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with WPC, which resulted in coalescence and thus, in large-diameter droplets. The results
of the current study led to the adoption of this latter explanation of the stated phenomenon.
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Figure 1. Optical microscope images of emulsions (red loop—agglomerates). LMW, LMG, EMW,
EMG—emulsion variants, which compositions are presented in Table 1.

3.1.2. Particle Size Distribution

The particle size distribution in the emulsion affects the physical stability of the
emulsion. It is a well-known fact that the smaller the dispersed particles, the more stable
the emulsion is created [30].

Samples of emulsions containing WPC (EMW and LMW) exhibited a bimodal par-
ticle size distribution (Figure 2). In both emulsions, the first fraction ranged from 0.04
to 0.95 µm and was mainly composed of protein-coated particles. The particle size of the
second fraction ranged from 1.10 to 15.14 µm, representing dispersed oil phase droplets and
their agglomerates. Larger agglomerates (in the range up to 100 µm) that were observed
in the microscopic images of LMG likely underwent disintegration, indicating relatively
weak interaction forces between dispersed particles. Similar observations of the bimodal
size distribution of emulsions based on regenerated whey proteins and maltodextrin were
reported by Hebishy et al. [31] and Dybowska [32]. In general, bimodal emulsions have spe-
cial rheological properties, e.g., relatively low bulk viscosity for semi-solid products, high
flow adaptability, and a tendency to reduce the viscosity of a particulate suspension [33].

The size distribution of emulsions containing arabic gum (EMG and LMG) was close
to monomodal. In the case of monomodal emulsions formulation, Stokes’ law is fulfilled.
This indicates that the higher the emulsion viscosity and the smaller the droplet diameter,
the smaller the sedimentation is observed [34]. Monomodal distribution was particularly
evident in the sample containing ethyl esters (EMG), where there was a single main particle
fraction ranging from 1.44 to 17.38 µm, representing dispersed oil phase droplets. The
particle size distribution in the emulsion containing oil (LMG) resembled a monomodal
distribution in the particle size range of 0.08 to 10.00 µm. A clear break in the curve was
visible in the diameter range of 2.19 to 5.02 µm, indicating the presence of a distinct particle
fraction. Comparing the particle sizes in LMG and EMG samples, it can be observed that
emulsions based on ethyl esters had larger oil droplets. Furthermore, this phenomenon did
not occur in emulsions, in which WPC was used as an emulsifier.
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3.1.3. Stability

The stability of an emulsion correlates with the physicochemical properties of the
compounds in the interfacial layer. The competition between different surface-active
ingredients is significant for this emulsion feature [35].

Turbidimetry analyses revealed that emulsions produced with the use of WPC exhib-
ited poorer stability compared to emulsions with gum arabic (Figure 3). This is reflected
in the values of the slope coefficient of the RW line, with values for the LMW sample
being −1.11 and for the EMW sample being −0.53. Samples containing WPC underwent
sedimentation and creaming. The slope coefficients of the RW line for the LMG and EMG
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emulsions were −0.20 and −0.01, respectively, with no observable tendency for creaming
in the EMG emulsion. The reasons for such disparities in sample stability can be traced
to the type of emulsifier used. The WPC was regenerated from spray-dried powder, and
some of it consists of insoluble particles [36,37] that tend to sediment, negatively impacting
the maintenance of the oil phase droplets. Gum arabic covered interfacial space better,
resulting in more stable emulsion systems [38,39].
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3.2. Powders—Morphology, Particle Size Distribution and other Physicochemical Properties

Morphology, particle size distribution, and physicochemical properties of encapsu-
lated powders are related to processing parameters, including feeding rate, initial con-
centration of the solid material, inlet and outlet temperatures, surface tension, and other
intrinsic properties of the drying material [40].

The SEM images of SD and FD powders are shown in Figure 4. Powders obtained by
the SD technique were characterized by a spherical shape, while the particles of powders
obtained by FD had broken glasslike surfaces, similar to flakes. The images showed that
regardless of the used core and wall ingredients, the powders were similar to each other
for drying technique. Similarly, no differences were observed between microcapsules
containing linseed oil and its esters. All SD samples had particles that varied in size, some
being quite small and others being large. Most of the particles did not have a smooth
surface, and dents were visible. Additionally, agglomeration of the same particles was
observed. Similar observations were presented by Teo et al. [41] in powders containing
high concentrations of maltodextrin. The authors reported that it can be related to a slow
rate of crust formation and less elasticity of the wall matrix to resist structural collapse
of the droplets during the spray-drying process [41]. Our results are in agreement with
the findings of Tatar et al. [42]. In their study, powders containing maltodextrin and gum
arabic had many dents and were remarkably shrunk. In turn, FD powders had a large,
rather smooth surface. The image of LMG powder also showed the cross-section of powder
particles (circled with a blue loop). Generally, FD powders had many pores on the surface
as a result of the water sublimation during freeze-drying [16,43], but in the present study, it
was shown that the particles did not have a porous structure. Elik et al. [16] also observed a
smooth surface of FD powders containing, depending on the variant, different proportions
of maltodextrin, low-methoxylated pectin, or sunflower wax. Nevertheless, by analyzing
the structure of the products obtained as a result of freeze-drying, it should be taken into
account that particle morphology reflects the result of grinding.

Table 2 presents the selected physicochemical properties of powders. Powders produced
by FD were characterized by a slightly lower moisture content (1.23–1.57%) compared to
powders produced by SD (2.09–2.84%). Similar moisture values of the obtained microcap-
sules with both drying techniques were previously stated by Quispe-Condori et al. [44] and
Misra et al. [45]. The influence of coating ingredients on the moisture of powders was also
observed, which was lower in the case of samples containing gum arabic. The determined
variation of a powder’s moisture made with WPC and gum arabic seems to be a general
rule, since in a study conducted by Silva et al. [46] powders made of a mixture of gum
arabic and maltodextrin had a moisture content in the range of 1.6–2.0%, while in a study
conducted by Campelo et al. [28], the moisture content was in the range of 3.83–5.35% for
the powders made with WPC and maltodextrin. Overall, the drying process parameters
used in the current study resulted in powders with the desired moisture level, which should
not exceed the 4% allowed by the food industry [16,44].

Encapsulation efficiency is one of the most important parameters in powder produc-
tion, as well as surface oil presence. The type of wall material and the drying method
simultaneously showed a significant impact on the lipid content on the surface. Regard-
less of whether linseed oil or its ethyl esters were encapsulated, powders in which the
coating material was gum arabic and maltodextrin that were dried by the FD technique
were characterized by the lowest surface oil content of 4.42 and 5.52%, respectively. In
contrast, powders composed of maltodextrin and WPC obtained by the same technique
had the highest surface oil content: 11.48% (LMW) and 10.95% (EMW). In other variants of
powders, surface oil ranged from 6.78% (EMG) to 8.78% (LMG). Ozdemir et al. [47] also
obtained the lowest surface oil values for powders containing gum arabic.
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Table 2. Physicochemical properties of powders prepared by spry- (SD) and freeze-drying (FD).

Powder LMW LMG EMW EMG

Method SD FD SD FD SD FD SD FD

MC (%) 2.51 ± 0.01 f 1.57 ± 0.08 b 2.84 ± 0.46 f 1.99 ± 0.07 c 2.09 ± 0.01 d 1.25 ± 0.39 ab 2.24 ± 0.04 e 1.23 ± 0.30 ab

D3,2 (µm) 24.20 ± 0.44 b n.d. 22.62 ± 0.14 a n.d. 23.17 ± 1.66 a n.d. 23.35 ± 0.35 ab n.d.
D4,3 (µm) 34.46 ± 5.30 b n.d. 37.35 ± 0.87 b n.d. 28.33 ± 0.04 a n.d. 47.35 ± 7.88 c n.d.
Span (-) 1.57 ± 0.23 b n.d. 1.90 ± 0.08 c n.d. 1.34 ± 0.00 a n.d. 1.99 ± 0.16 c n.d.

SSA (m2/g) 0.25 ± 0.01 a n.d. 0.27 ± 0.00 a n.d. 0.25 ± 0.00 a n.d. 0.26 ± 0.00 a n.d.
SOC (%) 8.44 ± 1.66 de 11.48 ± 1.32 f 8.78 ± 0.47 e 4.42 ± 0.10 a 7.67 ± 0.05 cd 10.95 ± 0.01 f 6.78 ± 0.40 c 5.52 ± 0.12 b

EE (%) 78.9 ± 1.23 b 71.31 ± 1.17 a 78.06 ± 0.54 b 88.94 ± 0.34 f 80.83 ± 0.02 c 72.63 ± 0.02 a 83.06 ± 0.01 d 86.2 ± 0.16 e

LMW, LMG, EMW, EMG—powder variants obtained from emulsions, which compositions are presented in Table 1.
Means within lines with different superscript letters are significantly different (p < 0.05). MC—moisture content;
D3,2—Sauter mean diameter, D4,3—De Brouckere mean diameter, SSA—specific surface area, SOC—surface oil
content, EE—encapsulation efficiency, n.d.—not able to be determined with the use of Mastersizer 2000 apparatus.
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The surface oil content determines encapsulation efficiency (the lower the surface oil
content, the higher the encapsulation efficiency). In the current study, the opposite values
were found for LMG (88.94%) and LMW (71.31%) samples, both dried by the FD tech-
nique. In the case of powders obtained by the SD technique, the encapsulation efficiency
was in a narrower range, from 78.06% (LMG) to 83.06% (EMG). In a study conducted by
Carneiro et al. [48], the encapsulation efficiency of linseed oil varied from 62.3 to 95.7%, with
the lowest value obtained for powders with maltodextrin and WPC. In turn,
Akram et al. [49] confirmed the high ability of the gum arabic and maltodextrin mixture
for the encapsulation efficiency of fish oil (83.4%) and flaxseed oil (84.5%). This confirms
that the encapsulation efficiency depends on the ingredients used as coating materials.
Carneiro et al. [48] reported that the differences in encapsulation efficiency are related to the
differences between the polymer matrices, which have different retention properties and
film-forming capabilities. WPC has worse coating properties compared to gum arabic [50].
Additionally, it can also be a result of the penetration of ice crystals into oil droplets and
the distribution of the interfacial membrane, therefore leaking the oil from the core to the
surface, leading to a higher amount of surface oil in the powders [18]. In turn, Linke et al. [51]
reported that encapsulation efficiency is correlated with particle sizes. In their study, the
lowest encapsulation efficiency was achieved for the smallest particle fraction, and it was
assumed that due to a large surface-to-volume ratio of small powder particles, the probability
of oil droplets being in contact with the particle surface increases, which leads to more surface
oil. This is in accordance with our study, where particle mean diameter D3,2 was in the range
of 22.62 µm (LMG) to 24.20 µm (LMW) in SD powders. The largest average diameter of
D4,3 particles was 47.35 µm for powder EMG obtained by the SD technique. This value
was really high when compared to EMW (28.33 µm) and powders that contain linseed oil:
34.46 µm (LMW) and 37.35 µm (LMG). This is in agreement with the results published by
Carneiro et al. [48] for linseed oil encapsulated by mixing maltodextrin with gum arabic
(23.03 µm) and WPC (17.98 µm), which the authors explained by the high emulsion viscos-
ity. Even smaller diameters D4,3 for powders that were WPC coated in the range of 10.04
to 10.91 µm were reported by Takeungwongtrakul et al. [52]. Similarly, Akram et al. [49]
reported particle diameters in the range from 14.20 to 25.30 µm for powders with maltodex-
trin and gum arabic and attributed these results to higher emulsion viscosity, which is a
crucial factor resulting in the larger microcapsule size of powders. Powders containing
gum arabic also had the highest span values of 1.90 and 1.99 for samples containing oil and
esters, respectively. However, the SSA value in all powders was at the same significant level
(0.25–0.27 m2/g). Elsewhere, Najaf Najafi et al. [53] reported that the type and concentration
of wall material significantly influence the size (D3,2) and SSA of spray-dried powders. In
their study, modified starch (Hi-Cap 100, refined from waxy maize) resulted in larger particles
with smaller SSA compared to skim milk powder.

Surface oil content differed between prepared powders from 4.42% (LMG) to 11.48%
(LMW), both obtained by freeze-drying (Table 3). Apart from surface oil content variation,
the composition of fatty acids was relatively stable and typical for high-ALA linseed
oils [54,55]. ALA ranged from 50.43% (LMG) to 53.43% (EMW), in both powders prepared
through freeze-drying. It points out that part of ALA can be easily oxidizable, even in the
form of powder.

The induction period of used linseed oil was 2.40 h, while that of prepared ethyl esters
was only 1.23 h (Figure 5). A similar phenomenon was determined using tridocosahex-
aenoin (more stable) and ethyl docosahexaenoate [56]. The lower oxidative stability of ethyl
esters may be the result of the degradation of natural antioxidants such as tocopherols,
phenols, and flavonoids present in linseed oil [57] during their preparation.
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Table 3. Fatty acid composition of surface oil extracted from powders prepared by spry- (SD) and
freeze-drying (FD).

Powder LMW LMG EMW EMG

Method SD FD SD FD SD FD SD FD

C14:0 0.20 ± 0.00 b 0.23 ± 0.02 b 0.06 ± 0.00 a 0.03 ± 0.04 a <LOD <LOD <LOD <LOD
C16:0 6.56 ± 0.01 e 6.24 ± 0.12 d 6.15 ± 0.03 d 5.99 ± 0.03 c 5.99 ± 0.05 c 4.66 ± 0.01 a 5.89 ± 0.06 c 5.00 ± 0.02 b

C16:1 0.06 ± 0.01 a 0.07 ± 0.01 a 0.02 ± 0.04 a 0.07 ± 0.00 a 0.07 ± 0.10 a 0.04 ± 0.00 a 0.07 ± 0.10 a 0.04 ± 0.00 a

C18:0 3.15 ± 0.01 d 3.18 ± 0.03 d 3.04 ± 0.04 c 3.19 ± 0.03 d 2.86 ± 0.01 b 2.77 ± 0.00 a 3.01 ± 0.02 c 2.79 ± 0.05 a

C18:1 21.98 ± 0.02 a 23.83 ± 0.05 d 21.88 ± 0.11 a 24.05 ± 0.14 de 22.07 ± 0.14 a 23.36 ± 0.23 c 22.55 ± 0.08 b 24.18 ± 0.07 e

C18:2 (n-6) 16.39 ± 0.05 c 15.21 ± 0.24 a 16.32 ± 0.20 c 15.77 ± 0.00 b 16.28 ± 0.01 c 15.34 ± 0.08 a 16.53 ± 0.22 c 15.33 ± 0.01 a

C18:3 (n-6) 0.17 ± 0.01 b 0.17 ± 0.02 b 0.15 ± 0.00 ab 0.15 ± 0.00 ab 0.22 ± 0.03 b 0.15 ± 0.00 ab 0.07 ± 0.09 a 0.13 ± 0.01 ab

C18:3 (n-3) 51.20 ± 0.01 c 50.79 ± 0.02 b 52.12 ± 0.29 e 50.43 ± 0.09 a 52.29 ± 0.16 e 53.43 ± 0.13 f 51.76 ± 0.08 d 52.26 ± 0.17 e

C20:0 0.10 ± 0.00 ab 0.11 ± 0.00 ab 0.10 ± 0.00 ab 0.17 ± 0.07 b 0.05 ± 0.07 a 0.10 ± 0.00 ab <LOD 0.10 ± 0.01 ab

C20:1 0.16 ± 0.01 a 0.16 ± 0.00 a 0.16 ± 0.00 a 0.16 ± 0.00 a 0.16 ± 0.02 a 0.16 ± 0.01 a 0.12 ± 0.17 a 0.16 ± 0.00 a

SFA 10.0 ± 0.0 f 9.8 ± 0.2 e 9.3 ± 0.0 d 9.4 ± 0.0 d 8.9 ± 0.1 c 7.5 ± 0.0 a 8.9 ± 0.1 c 7.9 ± 0.1 b

UFA 90.0 ± 0.0 a 90.2 ± 0.2 b 90.7 ± 0.0 c 90.6 ± 0.0 c 91.1 ± 0.1 d 92.5 ± 0.0 f 91.1 ± 0.1 d 92.1 ± 0.1 e

LMW, LMG, EMW, EMG—powder variants obtained from emulsions, which compositions are presented in
Table 1. Means within lines with different superscript letters are significantly different (p < 0.05). SFA—saturated
fatty acids, UFA—unsaturated fatty acids, LOD—traces; below limit of detection. Unsaturated ALA in linseed
oil can be easily oxidized. Encapsulation of this oil or its preparation can prevent this degradation process.
Oxidation occurs in the presence of oxygen, so ALA hidden inside the microcapsule core should be more protected
against oxidation.
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The induction periods of the prepared powders are presented in Figure 5. It is clearly
visible that the type of drying technique was decisive for the oxidative stability of the
obtained powders. Spray-drying resulted in approximately 4-fold more stable powders
in relation to freeze-drying. Among spray-dried powders, the highest oxidative stability
exhibited samples were made with WPC (7.17 h vs. 6.98 h for powders of ethyl esters and
linseed oil, respectively). Powders with gum arabic exhibited 2–3-fold lower stability than
those corresponding with WPC. As in the case of spray-dried samples and also in the case
of freeze-dried powders, better oxidative stability was found for samples prepared using
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WPC. The form of the n-3 fatty acid source (oil or ethyl esters) had no effect on the oxidative
stability of the powder.

The greater ability of the spray-drying technique in the protection of unsaturated fatty
acids in selected plant oils microcapsules was recently presented by Abdel-Razek et al. [58].
Similarly, the better ability of WPC vs. gum arabic mixtures with maltodextrin as components
of wall material for linseed oil protection was found by Carneiro et al. [48]. It was expected,
since antioxidant properties had previously been observed for different commercial whey
products (more details in the review by Corrochano et al. [59]). Whey hydrolysates and the
free amino acids present in them, such as tryptophan, phenylalanine, tyrosine, cysteine, and
histidine, contribute mostly to the antioxidant properties of these products [59].

4. Conclusions

Encapsulation is a common technique used in the food industry to protect various
bioactive compounds. The first step in this process is to create a stable emulsion. This study
showed that emulsions of linseed oil and linseed oil ethyl esters with a mixture of gum
arabic had better oil droplet distribution and stability than with WPC. In contrast, these
ALA preparations can be effectively encapsulated with a mixture of maltodextrin and WPC
in a ratio of 1:1 to protect ALA against oxidation. Although the oxidative stability of pure
linseed oil is approximately 2-fold greater than that of its ethyl esters, spray-dried powders
containing both forms of ALA and WPC had the same oxidative stability. The results of the
current study showed that freeze-drying should not be recommended for the preparation
of oxidatively stable ALA powders. Oxidatively stable powders can be successfully used
for the production of functional foods, e.g., fruit juices enriched with ALA, but such use
requires further research in terms of the assessment of acceptability in sensory properties.
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