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Abstract: Vitamin D3 and iron are important components
of a balanced diet. Supplementing meals with these is
essential to support the recovery of humankind’s malnu-
trition. It is necessary to develop effective delivery systems
to ensure the high bioavailability of these hydrophobic
components. For this purpose, emulsions were prepared
based on hemp seed oil and with soap nut extract
(Sapindus mukorossi fruits) as a natural emulsifier. To char-
acterize the differences in the properties of the emulsions
depending on the content of the oil phase and the emulsi-
fier, measurements were performed to determine the fol-
lowing parameters: the color characteristics, transparency
of the samples, infrared spectrum, particle size distribution,
polydispersity of the system, and the rheological properties
of the emulsions. The results showed that the highest sta-
bility was observed in systems with a relatively low oil
concentration, i.e., 1%. These samples also had an average
particle size not exceeding 200 nm. In turn, the low oil
content significantly reduced the dynamic viscosity of
the emulsions. At the same time, microscopic observations
indicated that the presence of an oil phase was advanta-
geous, not only because of the possibility of providing
vitamin D but also because of the high hydrophobicity of
the iron particles. Therefore, the realized research made it
possible to identify the optimal emulsion composition. The
created system can find applications in delivering dietary
supplements such as vitamin D3 and iron by providing
high dispersion of components and high stability.
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1 Introduction

One of the crucial factors influencing the effectiveness of
the action of biologically active substances is their bioa-
vailability, which corresponds with the effective dose of
the compound that is successively accessing the action
place, i.e., receptor, co-enzyme, etc. [1,2]. Bioavailability
is regulated and limited by biological and non-biological
phenomena. Among these physical–chemical aspects,
the solubility of the bioactive compound is the most lim-
iting factor, especially for low-soluble chemicals [3].

Supplementation of fat-soluble vitamin D plays a crucial
role in the process of human recovery after illness [4,5]. More-
over, it is responsible for proper growth of children and reg-
ulates critical living processes, including protection against
infections [6]. Its supplementation is important as part of
recovery. Unfortunately, its bioavailability is limited by its
low solubility and is strongly correlatedwith proper digestion
of the fats that are its source [7].

A similar problem is the bioavailability of iron, which is an
element necessary for the proper functioning of organisms [8,9],
and its deficiency is associated with anemia [10,11]. Since iron
and vitamin D are key compounds for the recovery of malnour-
ished people, with tthe most subjected groups of children
and elderly from developing countries, it is important to
create preparations that increase the bioavailability of
these compounds and administer them together [12].

The starting point of our research is hemp seed oil
(HSO)-based emulsions that are stabilized with saponins.
Our previous studies have shown that a mixture of these
ingredients provides high emulsification, leading to nano-
size droplets and long stability [13,14]. It is worth mentioning
that nano-size particles and droplet systems, including nano-
structured lipid carrier systems, have many advantages
of medical applications [15–17]. Moreover, an additional
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advantage is the antibacterial properties of these emulsions
that increase their shelf life. In addition, HSO is a source of
unsaturated fatty acids, which are an important part of a
balanced diet [18]. On the other hand, saponins are plant-
derived surfactants containing hydrophobic steroids or triter-
penoids linked with a hydrophilic sugar chain [19,20]. Their
antioxidative and antibacterial properties make them valu-
able food additives [21]. Among others, Quillaja saponaria
bark saponins (E999) are approved as foam stabilizers [22].
Previous studies by Chen et al. [23] showed that saponins
from Sapindus mukorossi present high active surface proper-
ties. In their studies, the homemade saponins exhibited an
expansion ratio of around 3.2, whereas that of sodiumdodecyl
sulfate (SDS) was equal to 7.7. However, the foam half-life
increases from 322 s for SDS to 877 s for the obtained samples.

Hence, this study aims to investigate use of hempseed
oil emulsions stabilized with S. mukorossi (soapnuts) sapo-
nins as an efficient carrier for vitamin D and iron co-
delivery. Based on the design of the experiment, emulsion
systems with different compositions were prepared. Then,
their macro- and microscopic investigations were done
and infrared spectra were recorded, followed by droplet
size distribution tests. Refractive index (RI) and L*a*b
color measurements, as important consumer satisfaction
factors, were also tested. Considering future processing
issues, the emulsion rheology, including dynamic visc-
osity and shear stress, was studied. All collected results
gave a broad perspective and deep insight into the proper-
ties of different emulsions and allowed the selection of the
optimal composition with desired features.

2 Materials and methods

2.1 Reagents

Cold-pressed HSO was purchased from a local market
(Złoto Polskie, Kalisz, Poland). Soap nut (SN) extract

was obtained via methanol extraction in a Soxhlet appa-
ratus according to the method described by Smułek et al.
[24]. For all experiments, distilled water without further
purification was used. As an iron agent, solid particles
AproFER 1000 were used (Inter JJP Sp. z o.o., Poland).
Dry vitamin D3 100 CWS/AM (called vitamin D) was pur-
chased from a regional supplier (“STANLAB” Sp. z o.o.,
Lublin, Poland).

2.2 Sample preparation

The compositions of the emulsions hempseed formula-
tion design (HFD) were designed using a modified and
simplified Box–Behnken design for two factors: HSO con-
tent and surfactant concentration (here, nine points)
based on previous studies [13,25,26]. The SN water stock
solution concentration was 10 g·L−1. The same amount of
iron and vitamin D was added to all emulsions. The com-
positions of the emulsions are presented in Table 1.

The emulsions were performed using a two-step homo-
genization procedure, previously described in the study of
Jarzębski et al. [27], with some modifications. In brief, for a
total volume of 25mL of samples, the composition was
placed in 50mL plastic laboratory tubes and vortexed
together for 20 s. Then, at the first step of homogenization,
the components were homogenized using a hand homoge-
nizer CAT X120 equipped with a T10 shaft for 600 s (RPM
speed ca. 16,000). Directly after the first step, the samples
were homogenized by ultrasonic treatment using a Sono-
plus sonicator equipped with a TS109 probe (Bandelin,
Berlin, Germany). Sonication parameters are as follows:
time 600 s, in 5 s per 5 s action/break cycles, and amplitude
60%. Then, after cooling down at room temperature, the
samples were stored at 4°C in a fridge for further experi-
ments. Before the examinations, the samples were gently
heated to room temperature (by usually placing for 1 h at
room temperature).

Table 1: Composition of the emulsions samples

Sample name F1 F2 Iron (g) Vitamin D (g) F1: HSO volume (mL) F2: Surfactant SN volume (mL) Water volume (mL)

HFD 1 0 0 0.03 0.04 0.750 0.263 23.087
HFD 2 −1 0 0.250 0.263 24.487
HFD 3 1 0 1.250 0.263 23.487
HFD 4 −1 1 0.250 0.500 24.250
HFD 5 1 1 1.250 0.500 23.250
HFD 6 0 1 0.750 0.500 23.750
HFD 7 −1 −1 0.250 0.025 24.725
HFD 8 1 −1 1.250 0.025 23.725
HFD 9 0 −1 0.750 0.025 24.225

2  Wojciech Smułek and Maciej Jarzębski



2.3 Stability tests

2.3.1 Visual tests

The samples were kept in plastic vials at room tempera-
ture (placed on typical laboratory shelves, where they
were exposed to natural sunlight and LED light from labora-
tory lamps), and in a fridge at ca. 4–8°C. The condition was
verified by eye observation and camera imaging (built-in
camera of Samsung M11). Detailed studies were performed
using a ZEISS Axio Vert.A1 microscope (Zeiss, Shanghai,
China), which is an inverted microscope equipped with an
Axiocam 208 color camera (Zeiss, China). Imaging was per-
formed at different magnifications (objectives 20×, 40×, and
oil 100×). Before imaging, the testing emulsion was placed
into a µ-Slide VI 0.4 cuvette (ibidi GmbH, Gräfelfing,
Germany) and kept for a couple of minutes to reduce dro-
plet speed flow. Obtained images were processed using
ZEN3.1 blue edition software (Zeiss, Jena, Germany).

2.3.2 Dynamic light scattering (DLS) measurements

DLS was applied for hydrodynamic diameter evaluation of the
prepared emulsions. Zetasizer Pro (Malvern Panalytical) with
ZS XPLORER 1.0 software was used for measurements. It
should be noted that the samples were studied without addi-
tional purification or dilution. For that reason, a backscattering
angle of 173° was chosen. The emulsion was characterized at
25°C after conditioning for 300 s in the measuring chamber.
The software was adjusted automatically for latex standards,
and each sample was measured five times (representative
curves corresponding to the average values were presented).

2.3.3 Centrifuge stability tests

A two-step centrifugation process for the emulsion stabi-
lity verification was chosen. Samples (1.5 mL) were placed
in 2mL Eppendorf test tubes and centrifuged. First, the
centrifugation condition was adjusted at 5,000 RPM for
10min. Then, the samples were visually observed and cen-
trifuged for another 10min at 10,000 RPM. Stability was
evaluated by observing oil phase separation.

2.4 Spectrophotometric analysis

UV–vis spectra of the emulsion were collected using a UV/Vis
UV-3100PC spectrometer in the range of 190–1,100nm. Further
studies were done with Spectrum Two FT-IR spectrometer

equipped using a Universal ATR with a diamond crystal
(PerkinElmer, Waltham, MA, USA) to determine FT-IR spectra
in the range of 500–4,000cm−1. For each sample, themeasure-
ments were repeated three times.

2.5 Viscosity determination

ViscoQC 300 (Anton Paar Gmbh, Graz, Austria), a pro-
grammable rotational viscometer, was used to determine
rheological properties of the emulsions. The tests were
performed at room temperature without additional adjust-
ments. The liquid emulsion samples were placed into a
“double-gap” C-DG26 measuring cup with a B-DG 26 mea-
suring bob. The speed of the spindle ranged from 2 to
250 RPM. Each test was performed in triplicate.

2.6 Turbidity tests

For the emulsion turbidity evaluation, a Eutech™ TN-100
turbidimeter (Thermo Fisher Scientific) was used. Before
the measurements, the turbidimeter was adjusted using
turbidity standards: 0.02, 20.0, 100, and 800 NTU. Then
liquid samples were placed in dedicated glass vials with
cups. All measurements were repeated five times, and the
average values were calculated.

2.7 pH determination

A portable S2-Food-Kit Seven2Go pH meter (Mettler Toledo)
equipped with an InLab Solids Go-ISM electrode was used
for pH evaluation. The average values of five repetitions
were calculated.

2.8 Color analysis

An NH310 portable spectrophotometer (Shenzhen ThreeNH
Technology Co., Ltd., Shiyan, China) equipped with internal
software was used. Twomilliliters of the sample were inserted
into a transparent plastic cuvette and placed into a dedicated
measurement chamber. The color tests were repeated ten
times, and the average values with SD were recorded. The
ΔE*ab was calculated using the following formula:

( ) ( ) ( )= * + * + *

*E L a b∆ ∆ ∆ ∆Lab
2 2 2

where ΔL*, Δa*, and Δb* are the differences between
values of L*, a*, and b* between the average of the mea-
surements of each two comparing sample.
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2.9 RI

A portable PAL-RI optical electronic refractometer (ATANGO
CO., LTD, Tokyo, Japan)was used to determine RI. The RI of
the emulsion was collected at room temperature. For all
samples, the measurements were repeated ten times and
the mean value with SD was calculated.

2.10 Statistical analysis

All experiments carried out as part of the study were
performed in triplicate minimally (if more, it is stated
separately). Analysis of variance (ANOVA) with a signifi-
cance level of p < 0.05 was used to assess the statistical
significance of the results.

3 Results and discussion

3.1 Macroscopic properties of emulsions

Previous studies by Fathordoobady et al. [26] proved that
HSO and HSO-based emulsions can be considered poten-
tially active agent carriers. Iron supplements, in solid
forms, are typically stored in oil dispersion form or
gelatin capsules. For oral admission, especially for chil-
dren and infants, it is beneficial to design supplements in
liquid form. The AproFER 1000 iron diet supplements used
here were studied previously by Grzechulska-Damszel et al.
[28] due to their microbial and magnetic properties and
chemical compositions.

The prepared emulsion systems with the composi-
tions described in Table 1 are presented in Figure 1a. It
should be noted that some of the systems, such as HFD1
and HFD5, showed relatively rapid phase separation. It
was detected during the turbidity test (described in the
other part of the text). Then after a couple of hours,
almost full separation was observed in some samples.
In contrast, HFD2 and HFD 4 emulsions showed high
homogeneity, which was also noticed after centrifugation
(Figure 1b). Slight phase separation was observed in
HFD7, although it was also a very stable system. At this
observation stage, it could be concluded that a relatively
low level of HSO was advantageous for maintaining
homogeneity. At its higher concentrations, phase separa-
tion was observed. Additionally, the higher the SN con-
centration, the more homogeneous the emulsion was. In
almost all of the samples, sediment deposition on the

walls was observed. However, the best volume distribu-
tion of solid iron particles can be seen in samples HFD2,
HFD4, and HFD7 (Figure 1). The presence of the iron for-
mulation resulted in a brownish color of the emulsion.
Most of the iron supplements are concentrated in the oil
phase. This confirmed the original hypothesis, assuming
that the emulsion system could be a good solution to
increase its dispersion in the liquid. Considering that
the systems studied are going/intended to be used in
the food industry or as delivery agents for dietary supple-
ments, issues related to their appearance are important to
ensure the attractiveness of the products to consumers.
For oral admission, food properties such as taste and
color should be modified by artificial agents.

Moreover, the RI (Figure 2a) and the color of the
samples were examined (Table 2). The RI of emulsions
ranged from 1.3345 to 1.3377, and it could be noticed that
its increase is positively correlated with an increase in
HSO concentration. For food products and supplements,
specially dedicated to kids, color plays a crucial role as
well as taste [29]. Color dimensions in the L*a*b space
indicated that HSO concentration results in an L factor
increase and a factor decrease. No significant effect on
the b factor was observed. No impact of SN concentration
on RI or color was observed.

Furthermore, the pH of emulsions was studied (Figure 2b).
The pH value varied from 5.60 and 6.05. However, no
statistically significant differences in the acidity of the
samples were observed. As mentioned, the color of a
multiphase system can have a significant impact on its
evaluation by consumers, and appropriate modification
can increase the attractiveness of the product [30]. Since
the content of iron particles was the same in all samples,

Figure 1: HFD emulsions: (a) after preparation, (b) after centrifuga-
tion (numbers 1–9 correspond to HFD 1–9).
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the observed changes in color and RI values are a con-
sequence of how the iron particles and emulsion dro-
plets are dispersed. More homogeneous samples were
darker with uniform color. However, the influence of
the surfactant should also be considered. As noted by
Chung et al. [31], saponins, like any surfactant, can
change the path of light on their micelles to some extent.
Additionally, from their chemical nature, they can selec-
tively absorb particular electromagnetic radiation bands.

The next stage of the study involved recording infrared
spectra for the emulsion samples and the main emulsion
components (HSO and SN) (Figure 3). The spectra obtained
for the emulsion show strong and broad signals with a max-
imum at 3,300 cm−1 coming from OH groups present in both
water, which is the continuous phase, and SN. The HSO and
SN spectra show a group of signals between 3,100 and
2,800 cm−1 representing stretching vibrations of C–H bonds.
However, only the HSO spectrum shows signals above
3,000 cm−1, which corresponds to C–H bonds in the vici-
nity of unsaturated carbon–carbon bonds. These bonds
are characteristic for unsaturated fatty acids, whose

significant amounts are present in HSO. Also, from these
acids, or more precisely from the bonds of the carbonyl
group, comes a very intense signal at 1,750 cm−1. A
similar signal, although weak and shifted toward smaller
wave numbers, is seen in the SN spectrum. It also corre-
sponds to C]O groups but is present in other types of
molecules, such as steroids, which are components of
saponins. Another intense signal in the SN spectrum is
the one with a maximum at 1,650 cm−1, which most likely
corresponds to another C]O group present in saponins.

At lower wavenumbers, only signals from deforma-
tion vibrations in the C–H bonds and stretching of the
C–O bonds are visible. These signals are only observed
for SN and HSO samples. It was important for our study to
indicate that signals from HSO and saponins are also
visible in the emulsion spectra – they are most clearly
visible in the spectrum of HFD9 and weakly but still
noticeably present in the spectrum of samples HFD8
and HFD4. In the other samples, only signals from bonds
in water and a signal at 1,650 cm−1 such as in SN are
visible. Interestingly, this relative intensity of signals in

Figure 2: Emulsions properties: (a) RI (left side), (b) pH values.

Table 2: Color analysis (L*–a*–b*) and lightness; relative intensity marks in Classification section: + low, ++ medium, +++ intensive

Sample name Color Classification

L* a* b* Lightness Green Blue

HFD 1 40.97 ± 0.02 1.09 ± 0.04 2.75 ± 0.04 Dark++ ++ ++
HFD 2 40.81 ± 0.01 1.34 ± 0.04 2.34 ± 0.04 Dark++ ++ ++
HFD 3 48.18 ± 0.05 1.03 ± 0.02 4.38 ± 0.03 Light+ ++ +++
HFD 4 39.21 ± 0.01 1.54 ± 0.03 2.32 ± 0.04 Dark++ +++ ++
HFD 5 49.45 ± 0.69 0.16 ± 015 2.96 ± 0.23 Light+ + ++
HFD 6 42.41 ± 0.06 1.18 ± 0.06 2.47 ± 0.13 Dark++ ++ ++
HFD 7 41.83 ± 0.02 0.97 ± 0.04 2.62 ± 0.04 Dark++ ++ ++
HFD 8 44.50 ± 1.89 1.09 ± 0.26 2.92 ± 0.20 Light+ ++ ++
HFD 9 45.98 ± 0.06 1.17 ± 0.04 3.67 ± 0.04 Light+ ++ ++
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the samples is not directly correlated with the percentage
of components. For example, the highest content of HSO
was present in samples HFD3, HFD5, and HFD8, within
which signals from HSO are not seen as intensely. So, the
dispersion/agglomeration factor of the oil phase of the
emulsion may be relevant here, and this is a factor that
projected the intensity of the signals. Nevertheless, asses-
sing whether ATR-FTIR spectra of emulsions can be a tool
to evaluate the quality of emulsion dispersion requires
further analysis.

3.2 Emulsion particle size analysis

Further investigations focused on the properties of the
emulsions with regard to their droplet size and unifor-
mity. Images of the emulsions recorded using an inverted
optical microscope are presented in Figure 4. A compar-
ison of the individual samples shows differences in the
color and permeability of the samples. It also confirms
the agglomeration of iron particles in the organic phase,

although primarily in the form of aggregates at the oil–
water interface. Relatively larger HSO droplets are seen
for samples HFD3, HFD6, and HFD9. Additionally, it
should be noted that the tested systems show an average
level of homogeneity, as the images show structures of
different shapes and sizes, indicating that the emulsions
combine the features of iron particle suspension, in both
water and oil phases, and oil-in-water emulsions.

Microscopic observations correspond to the measure-
ments of particle size distribution in the samples, for
which the most important results are summarized in
Table 3. Average particle/droplet size (z-Ave) ranges
between 172 nm (for HFD7) and 377 nm (for HFD3); how-
ever, the majority of samples have z-Ave values of
approximately 200 nm or lower. The only exceptions
were HFD3 and HFD6 samples. The samples were char-
acterized by a relatively low polydispersity index (PDI),
not exceeding 0.509 (HFD3). It can be seen that an
increase in concentration of both HSO and SN caused
a PDI increase. Moreover, it should be noted that we did
not dilute the samples to prevent the destabilization of
the emulsions. This way of presentation is more bene-
ficial, due to the recognition of the impact of used sta-
bilizers, here SNs. In this study, the term particle is more
appropriate due to emulsion composition. DLS is one of
the “blind” methods that does not allow recognizing
solid particles from droplets, etc. Furthermore, the results
proved that the DLS results (Figure 5) should be compared
with some visual techniques [32].

Saponins are well recognized as effective emulsifiers
allowing them to obtain nanoemulsions [33]. Saponins
from Q. saponaria made it possible to obtain emulsions
of medium-chain triglycerides with droplet sizes of about
200 nm, a result comparable to those obtained with
Tween80 [34]. Also, studies by Sotomayor-Gerding
et al. [35] showed that saponins from Q. saponaria
provide an emulsifier comparable to Tween20. How-
ever, saponins from S. mukorossi have not been widely
studied to date, especially in systems with natural oils.
A few examples include the research of Gundewadi
et al. [36], who emulsified basil oil and obtained
nanoemulsions with particle sizes of 200 nm and below
using S. mukorossi extract. In addition, Tsibranska et al.
[37] noted that saponins from various sources show strong
adsorption on the surface of dispersed oil droplets, leading
to stable deformations of the emulsion droplets. In the
case described in this article, when iron particles are still
present, this effect may be even stronger, which would be
confirmed by the measured values of the PDI and homo-
geneity of structures on the micrometer scale observed
microscopically.

Figure 3: Infrared spectra (ATR-FTIR) of tested emulsions (HFD 1-9),
SN extract , and hempseed oil (HSO).
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3.3 Rheological properties of emulsions

The final stage of the research involved studying the rheo-
logical properties of the obtained emulsions. Measurement
results of dynamic viscosity and shear stress are shown in
Figures 6 and 7. The collected data indicate a strong

dependence of these parameters on the composition of
the emulsion. The highest dynamic viscosity values, exceeding
3.0mPa·s, were found for samples HFD3, HFD5, and HFD8.
The lowest dynamic viscosity of 1.48mPa·s was measured for
samples HFD2 and HFD4. The trends for shear stress are pro-
portional to those for dynamic viscosity; i.e., the highest values

Figure 4: Microscopic images of the prepared emulsions (a–i) corresponds to HFD1–HFD9 (upper images in magnification 40×, under
images in magnification 100×). Inserted images within 2.5D.
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were recorded for HFD8 and HFD5 (0.1940 and 0.1713N·m−2),
respectively, and the lowestwere recorded for HFD2 andHFD4
(0.0763N·m−2). The shapes of the dynamic viscosity vs rotation
rate and shear stress vs shear rate curves are analogous for all
samples, and at relatively low values, they overlap with each
other to diverge at higher rates (Figure 7, for selected samples).
The curves in Figure 7b show that the tested emulsions have
the character of a Newtonian fluid with slight shear-thinning
fluid properties, which noticeably change at relatively high
values of shear stress (above 150 s−1).

When considering the rheological properties of the
studied systems, one should keep in mind the complex
nature of the created colloids, in which both oil phase
droplets and iron particles are dispersed. Rheological
tests performed by Rezler showed that the concentration
of each compound of the emulsion impacted the organi-
zation of its structure [38]. The iron particles can further
stabilize emulsions but at the same time modify their
rheological properties, as observed for Pickering-type
emulsions [39,40]. The rheological properties of

Table 3: Droplet average size (z-ave), PDI, main peak maximum, turbidity; different small letters indicate groups that differ significantly at
p < 0.05

Sample name z-ave (nm) PDI (—) Main peak maximum (intensity) (nm) Main peak maximum (number) (nm) Turbidity

HFD 1 175 ± 2a 0.281 ± 0.029a 224 ± 10a 55 ± 19ab 141 ± 4*a

HFD 2 193 ± 5b 0.270 ± 0.031a 235 ± 11a 85 ± 27ab 184 ± 1b

HFD 3 377 ± 39c 0.509 ± 0.012 b 299 ± 16b 71 ± 62ab 60 ± 4*c

HFD 4 192 ± 6b 0.265 ± 0.010a 253 ± 36abc 81 ± 29ab 179 ± 7b

HFD 5 206 ± 2b 0.373 ± 0.015c 259 ± 13c 39 ± 11a 137 ± 4*a

HFD 6 277 ± 19d 0.491 ± 0.040b 296 ± 16b 67 ± 15ab 241 ± 19*d

HFD 7 172 ± 2a 0.243 ± 0.011a 207 ± 22ae 94 ± 20ac 281 ± 20d

HFD 8 173 ± 2a 0.256 ± 0.005a 213 ± 5ae 65 ± 33ab 75 ± 5*e

HFD 9 201 ± 5b 0.329 ± 0.033c 242 ± 10abc 43 ± 11ab 158 ± 18ab

*Fast phase separation. Detailed comments are given in the text.

Figure 5: Particle size distribution by the number obtained by DLS (a–i) sample HFD1–9, respectively.
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emulsions containing rhamnolipids and saponins from
Q. saponaria were studied by Li et al. [41]. They found
that emulsions stabilized by these natural surfactants
presented shear-thinning behaviors, corresponding to
the results presented in this paper.

4 Conclusions

To evaluate the possible use of SNs as a natural stabilizer
for iron supplements, nine different emulsion composi-
tions with vitamin D3 were performed. The emulsions
were most stable and homogeneous at 1% HSO content.
An increase in HSO content promoted phase separation,
increased the RI, and impacted on color change. Dynamic
viscosity was higher at higher HSO contents. It should
be highlighted that the SN extract can be successfully
applied as an emulsion stabilizer. Furthermore, the two-

step preparation process increases emulsion stability due
to reducing emulsion droplet size.

The results made it possible to broadly characterize
emulsions containing vitamin D3 and iron both from the
perspective of physicochemical properties and character-
istics necessary for consumer appeal (e.g., color) and pro-
cessing parameters (dynamic viscosity). The HFD4 emul-
sion containing 1% HSO and 0.2% SN can be identified as
the optimal system. At the same time, the properties of
the system show that it can become an effective delivery
system for compounds that are dietary supplements.
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Figure 6: Dynamic viscosity (left side), shear stress (right side) registered at 40 RPM.

Figure 7: Dynamic viscosity versus speed (left side), shear stress versus shear rate (right side) for HFD2, HFD4, and HFD7 samples.
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