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In this study, hemp seed oil (HSO) emulsions stabilized with hemp seed protein (HPI) were prepared and treated
with high intensity ultrasonic (HIU). The effects of different treatment powers (0, 150, 300, 450, 600 W) on the
properties, microstructure and stability of emulsions were investigated. HIU-treated emulsions showed improved
emulsifying activity index and emulsifying stability index, reduced particle size, and increased absolute values of
{-potential, with the extreme points of these indices occurring at a treatment power of 450 W. Here, the emulsion
showed the best dispersion and the smallest particle size in fluorescence microscopy observation, with the
highest adsorbed protein content (30.12%), and the highest tetrahydrocannabinol (THC) retention rate
(87.64%). The best thermal and oxidative stability of the emulsions were obtained under HIU treatment with a
power of 450 W. The D43 and the peroxide values (POV) values after 30 d storage were the smallest at 985.74 +
64.89 nm and 4.6 pmol/L, respectively. Therefore, 450 W was optimal HIU power to effectively improve the
properties of HPI-stabilized HSO emulsion and promote the application of HSO and its derivatives in food

processing production.

1. Introduction

Hemp is an industrial crop that is commonly used in the textile,
pharmaceutical, and paper industries. Hemp seeds are a by-product of
hemp processing and contain 25-30% oil [1], 20-30% protein and other
nutritional substances[2]. Hemp seed oil (HSO) contains more than 80%
unsaturated fatty acids and a high content of functional components,
including linoleic acid (LA), linolenic acid (LNA) and other essential
fatty acids, as well as tocopherols, vitamin A, minerals, etc., which have
a positive impact on cardiovascular, mental and immune diseases and
can be added to foods as functional fats [3,4]. HSO contains low levels of
the psychoactive compound tetrahydrocannabinol (THC) (<0.2%) in
compliance with European Union and American standards [5]. THC is a
polyphenol with high antioxidant properties, which enhances the anti-
oxidant properties of the product. Therefore, encapsulating HSO in
emulsions can improve its bioavailability[6], avoid oxidation reactions,
and broaden its application scope [7]. Mikulcova et al. prepared HSO
oil-in-water emulsion with emulsifier Tween to improve its stability and

* Corresponding authors.

E-mail addresses: dyyu2000@126.com (D. Yu), cphan2006@126.com (C. Han).

antimicrobial activity [8]. Jarzebski et al. used pea protein as a stabilizer
for HSO emulsions and the emulsions showed good results in terms of
particle size and encapsulation efficiency [9].

Proteins with amphiphilic properties can be used as emulsifiers, and
similarly, hemp seed proteins (HPI) can be used to stabilize HSO
emulsions. Compared to common high-quality proteins (Soy protein,
egg white protein, rice bran protein, etc.), HPI is hypoallergenic, highly
digestibility, has a good composition of essential amino acids (with high
levels of arginine and glutamine at 12% and 15.99%, respectively). This
means a more nutritionally superior amino acid pattern [10]. In addi-
tion, its solubility is low, and its emulsification ability can be affected by
external factors such as pH during treatment [11].

HPI-stabilized sunflower oil emulsions were prepared by Dapcevié-
Hadnadevd et al [12]. It was found that the interaction between HPIs
affected the transient flocculation network and contributed to the
emulsion stabilization, and the emulsification activity of HPIs was
similar to the protein solubility curve. Tang et al. have compared the
functional properties of different proteins, where HPI has lower
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emulsifying activity and emulsifying stability than soybean protein [13],
rice protein [49] and pea protein. Therefore, external more energy-
efficient means or devices are needed to assist in the preparation of
stable emulsions, such as ultrasonic, microwave, microjet, etc.

High-intensity ultrasonic (HIU) is an emerging processing method
with frequencies typically in the range of 20-100 kHz and intensities in
the range of 10-1000 W/cm? [14]. HIU treatment can reduce the par-
ticle size, increase solubility and improve the emulsification character-
istics of protein. In Zhao et al.’s study, the solubility, foaming and
emulsification of perilla protein isolate (PPI) were improved after ul-
trasonic treatment [15]. Meanwhile, the interfacial waves and cavita-
tion bubbles generated by the sound field broke up the oil droplets,
reducing the emulsion droplet size [16,17]. In addition, the mechanical
shearing, thermal effects, dynamic stirring and turbulence generated by
ultrasonic would further process the emulsion and change the emulsion
properties [18]. Taha et al.[19] investigated ultrasonic-assisted emul-
sions stabilized with different plant and animal proteins and found that
ultrasonic treatment increased the interfacial protein content and ther-
mal stability. Wang et al. [20] has studied the effect of different HIU
powers on soybean isolate protein-pectin emulsions and the its stability
was highest at 450 W. HIU has been considered as a green, safe and
efficient method to assist in the preparation of emulsions.

In this study, the HSO emulsions stabilized with hemp seed protein
were prepared and the effects of different HIU treatment powers on the
physicochemical properties, microstructure and stability of the emul-
sions were investigated. The emulsification properties, particle size and
potential of the emulsions under different conditions were explored in
the study, and the effects of HIU treatment on the thermal and oxidative
stability of the emulsions were discussed. We expect the HIU treatment
to improve the emulsification performance of HPI, enhance the stability
of HSO emulsions, improve the retention of THC, and further expand the
application of processed products from hemp seeds in the food industry.

2. Materials and methods
2.1. Materials

Hemp seeds were provided by Shanxi Qinchang Seed Co., Ltd.
(Shanxi, China). Other reagents used in this work were of analytical
grade.

2.2. Preparation of HPI

The extraction method of HPI was referred to the method described
by Tang et al [21]. Hemp seed powder was dispersed in deionized water
(1:20, w/v) and the pH was adjusted to 10.0 with 2 mol/L NaOH to
dissolve the protein. After stirring for 2 h at 37 °C and centrifugation
(7000x g for 60 min at 4 °C), the supernatant was adjusted to pH 5.0
with 2 mol/L HCL, the protein was precipitated and centrifuged again
(7000x g for 60 min at 4 °C). The Kjeldahl method determined the
protein content to be 96.62% =+ 0.74%. The precipitate was dispersed in
deionized water, pH adjusted to 7.0 with 2 M NaOH, and freeze-dried to
obtain HPI.

2.3. Extraction of HSO

The extraction of HSO was referred to the method of Shi et al. and
used for subsequent experiments [22].

2.4. Preparation of emulsion

HPI was dissolved in phosphate buffer solution (0.1 M, pH = 7.0),
HSO (oil-water ratio 9:1) was added, and the HSO oil-in-water emulsion
stabilized by HPI was continuously mixed with a homogenizer (Ultra-
Turrax T18, Angi Co., Shanghai, China) at 12000 rpm for 5 min. The
beaker containing the emulsion was then placed in ice water and kept at
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a temperature below 20 °C. The solution was then treated with an ul-
trasonic generator (TL-650Y, Jiangsu Tianling Instrument Co., Ltd.,
Yancheng, China). Different ultrasound powers (0,150,300,450,600 W)
were used for 10 min of treatment at 20 kHz ultrasound frequency. The
ultrasonic titanium probe was immersed in the emulsion at a depth of 1
cm from the bottom of the emulsion, and the ultrasonic pulse system was
operated for 2 s with a 2 s rest. Store the emulsion at 4 °C until further
analysis.

2.5. Determination of emulsifying properties

The emulsification properties as measured by the method of Li et al
[19] with some modifications [23]. 50 pL of HSO emulsions treated with
different power HIU were taken separately and diluted 0.1% (w/v) so-
dium dodecyl sulfate solution was added. The absorbance at 500 nm was
measured and the emulsification activity index (EAI) and emulsion
stability index (ESI) were calculated.

~ 2x2.303 x Ag x DF

2
EAL(m*/8) = 6000 x 6 x L x C
. Ay x 10
ESI (min) = ——
( ) AU_AIO

where Ay is the absorbance at 0 min, D and F are dilution factors (100), C
is the protein concentration before emulsification (g/mL), 6 is the oil
volume fraction of the emulsion (v/v), L is the optical path (1 cm), and
A9 is the absorbance at 10 min.

2.6. Determination of particle size and {-potential

The particle size, volume mean diameter (D43) and {-potential of the
emulsions treated with different ultrasonic powers were measured by a
laser light diffraction particle size analyzer (Mastersizer 2000; Malvern
Instrument Co., Ltd., UK.). The phosphate buffer (0.01 M, pH 7.0) was
selected as the solvent to dilute the emulsion samples HIU-treated with
different power. The refractive indices of the particles and dispersant
were set to 1.46 and 1.33, respectively. The D43 and (-potentia of
emulsions were measured at 25 °C.

2.7. Fluorescence microscopy observation

Fluorescence microscopy was selected to observe the type of emul-
sions with different powers of HIU treatment. Nile Red was dissolved in
isopropyl alcohol and 0.1% of the staining solution was prepared, mixed
well and filtered. Add 20 pL of Nile Red staining solution to 0.5 mL of
emulsion treated with different ultrasonic power and stain for 30 min.
The stained samples were placed on microscope slides and covered with
coverslips to obtain images.

2.8. Distribution of interfacial proteins

The HSO emulsion was centrifuged at 10,000x g for 30 min to
separate the non-adsorbed and adsorbed proteins [24]. The top cream
layer was removed with a disposable syringe and filtered with a 0.45 pm
filter membrane. The amounts of non-adsorbed and adsorbed proteins
were subsequently calculated using the Lowry method.

2.9. Determination of thermal stability

The thermal stability of HSO emulsions ultrasonicated at different
powers were studied by heating at 100 °C for 20 min and cooling to
room temperature, respectively, and the particle size distribution was
determined.
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2.10. The THC retention rate

THC retention studies were performed on HSO emulsions treated
with different power sonication. The THC content was measured and
THC retention was calculated by keeping the emulsions in a thermostat
at20°Cfor 0, 5, 10, 15, 20, 25 and 30 days. The samples were prepared
with reference to the study of Shi et al [22]. The separation was per-
formed on an Acquity UPLC HSS C18 column (2.1 mm x 150 mm, 1.8
pm) and the THC content was determined by ultra-performance liquid
chromatography-mass spectrometry (UHPLC-MS/MS) system [25].

E
The THC retention rate (%) = e 100%
0

where E is the THC content of HSO emulsion at the nth day under
different power HIU treatment and EO is the THC content of HSO
emulsion at the Oth day under different power HIU treatment.

2.11. Determination of oxidative stability

The oxidative stability of HSO emulsions treated with different
powers of ultrasonic was studied and the peroxide values (POV) of the
emulsions were determined by keeping them in a thermostat at 20 °C for
0, 5, 10, 15, 20, 25 and 30 d, where POV was determined according to
the American Oil Chemists Society (AOCS) official method Cd 8-53
[26].

2.12. Statistical analysis

All the tests were repeated three times. The average and standard
error values of the test results were taken. The basic data were collated,
analyzed and plotted by Origin 2018 statistical analysis software. Data
were subjected to one-way analysis of variance (ANOVA) using SPSS
26.0, and the differences were tested by Duncan Multiple Range Test (P
< 0.05).

3. Results and discussion
3.1. Emulsifying properties analysis

Emulsification properties describe the ability of which proteins form
and stabilize emulsions [27]. The EAI and ESI of HPI-stabilized HSO
emulsions under HIU treatment with different powers are shown in
Fig. 1. Both indicators were improved in all samples following the HIU
treatment. The best emulsifying properties of the emulsions were
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Fig. 1. Emulsifying activity index (EAI) and emulsifying stability index (ESI) of
emulsions at different ultrasonic powers. Different letters represent significant
differences at p < 0.05.

Ultrasonics Sonochemistry 86 (2022) 106021

obtained at an ultrasonic power of 450 W. At this power, the EAI and ESI
were 145.0 mz/g and 26.2 min, respectively. This improvement may be
due to the increased solubility of HPI by HIU treatment, as demonstrated
by the study of Feng et al [28], where HIU-treated buckwheat protein
had higher solubility and better emulsifying properties. On the other
hand, the cavitation of HIU temporarily dispersed or broke the non-
covalent bonds that maintain the spatial structure of the protein. In
this case, HPI was adsorbed in an orderly arrangement at the oil-water
interface. At lower HIU power, the increase of ESI and EAI was not
significant, indicating that the effect of HPI at the oil-water interface was
different in emulsions treated with different HIU power. At a power of
600 W, too high power may affect the degree of protein aggregation,
which was consistent with the study of Wang et al [5]. High power
destroyed the spherical structure of proteins, formed protein aggregates,
and reduced the emulsifying properties.

3.2. Particle size, PDI, and {-potential analysis

The HPI-stabilized HSO emulsions showed different particle size, PDI
and {-potential under HIU treatment at different power levels, as re-
flected by the values in Table 1. The D43 and PDI of HIU-treated
emulsions were significantly lower (P < 0.05) compared with those of
non-HIU-treated emulsions.

With the increase of HIU power, the particle size and PDI showed a
trend of increasing and then decreasing, reaching the minimum at 450
W. At this power, the D43 of the emulsion was 497.66 + 3.17 nm and the
PDI was 0.297 + 0.042, and the particles in the emulsion had similar
sizes and were uniformly distributed. This reduction may be due to
cavitation effects, turbulence and strong shear forces generated by HIU
treatment, which disrupt some of the larger insoluble protein aggregates
and allow HPI to be more uniformly dispersed in the emulsion [29]. The
HIU treatment at high power (600 W) showed a slight but significant
increase, a phenomenon that occurred probably owing to the re-
agglomeration of particles in the emulsion. Similar findings emerged
in the study of Wang et al [30], where cavitation of ultrasound disrupted
the spatial structure of rice bran proteins, causing intermolecular colli-
sions and reducing the particle size. The smaller particle size and PDI
facilitate more HPI adsorption at the oil-water interface and maintain
the stability of the emulsion. The presence of protein charges the
emulsion and the {-potential measurement can also be used to determine
the stability of the emulsion. The absolute value of {-potential increased
significantly after HIU treatment, reaching a maximum at 450 W. The
reason for this phenomenon may be that HIU treatment can unfold the
dense structure of HPI, slightly change its surface charge, improve the
electrostatic repulsion between HPI particles, limit the occurrence of
aggregation, and further improve the stability of the emulsion [17].
Therefore, the 450 W HIU treatment resulted in the emulsion with the
smallest particle size and PDI and the highest absolute value of
{-potential.

3.3. Fluorescence microscopy observation

The HSO emulsions treated with different powers were subjected to
fluorescence microscopy images, as shown in Fig. 2. It can be seen that

Table 1
Particle size, PDI and {-potential of emulsions at different ultrasonic powers.

Ultrasound power (W) D43 (nm) PDI {-potential (mV)
0 1593.85 + 6.45%  0.832 £ 0.088°  —7.42 + 0.36°

150 1296.78 + 5.16°  0.478 + 0.036" —-11.56 + 0.27°
300 496.66 + 3.28¢ 0.325 =+ 0.057° —14.87 + 0.43¢
450 497.66 + 3.05¢ 0.297 =+ 0.042° ~17.69 + 0.16¢
600 584.52 + 6.04° 0.421 + 0.073%  —15.23 + 0.25¢

Note: The different superscript letters in the same column indicate significant
differences between the data (p < 0.05).
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Fig. 2. Fluorescence microscopy of emulsions at different ultrasonic powers.

HSO (red) is covered by HPI (green), and the HIU treatment increases
the dispersibility of the emulsion and avoids aggregation of the emulsion
compared to the emulsion without HIU treatment. The smallest particle
size of the emulsion was observed at a HIU power of 450 W, a phe-
nomenon that remained consistent with our previous study [20]. The
particle size reduction is probably caused by the cavitation force
generated by the microflow of the ultrasonically treated probe. And it
disrupts electrostatic and hydrophobic interactions in proteins, pre-
venting the formation of aggregates and promoting the formation of
small particle sizes [31]. In the study by Cui et al [32], the protein was
treated by ultrasonic to have a smaller particle size, which was benefi-
cial to improve the emulsification properties of the protein and enhance
the stability of the emulsion stabilized by the protein, providing some
basis for the next studies.

3.4. Distribution of interfacial proteins

The amount of protein adsorbed and loaded at the emulsion interface
is an important indicator of the stability of the emulsion [33]. The higher
the amount of protein adsorbed at the interface, the more stable the oil-
in-water emulsion will be during storage [34]. The interfacial protein
distribution of the emulsions treated with different HIU power can be
seen in Fig. 3. With the increase of HIU power, the adsorbed protein
content showed a trend of increasing and then slightly decreasing, while
the non-adsorbed protein content showed the opposite trend. At a
treated power of 450 W, the adsorbed protein content reached 30.12%
and the non-adsorbed protein content reached 69.88%. This result
proved that the HIU treatment benefited the adsorption of HPI on the
HSO surface. At that time, HIU may lead to the decrease of HSO oil
droplet size and increase of surface area, which was one of the reasons
for the increase of adsorbed protein content [35]. In addition, HIU
reduced the particle size of HPI (Trends consistent with those in 3.2 and
3.3), which accelerated the diffusion rate of protein and made it easier to
rearrange at the oil-water interface to reduce interfacial tension, which
can improve emulsion stability. Interestingly, when the HIU power was
increased to 600 W, the adsorbed protein content decreased slightly to
27.69%. This phenomenon was consistent with some existing studies,

100 "
I ab Non-absorbed
77 27 be Absorbed
80T j7 c c
3 7 7
= 60
&
=
S
§ 40r
2 a a
A b
20 ¢
b C'
174
0 150 300 450 600
Power (W)

Fig. 3. Non-adsorbed and adsorbed proteins of emulsions at different ultrasonic
powers. Different letters represent significant differences at p < 0.05.

where too high a power can lead to the phenomenon of “overprocessing”
[8,36], where the emulsion showed a tendency to re-agglomerate,
increasing the emulsion particle size, which was detrimental to the
stability of the emulsion. The same was found in a study by Li et al [37]
on casein emulsified soybean oil, where prolonged sonication reduced
the amount of adsorbed protein in the casein emulsion, though not
significantly.
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3.5. Thermal stability

HIU treatment alters the emulsifying properties while also improving
the stability of the emulsion. In processing and production, changes in
temperature may change the interfacial behavior and the aggregation
degree of proteins, so the evaluation of the thermal stability of HIU-
assisted prepared emulsion samples is necessary. The effect of
different HIU power on the particle size distribution of the heat-treated
emulsions is shown in Fig. 4. The emulsions without HIU treatment have
the largest D43, and poor dispersion. This phenomenon implied that heat
treatment led to the formation of protein aggregates, which resulted in
larger emulsion sizes and inhomogeneous particle size distributions. As
a control group, the emulsions without ultrasonic treatment, formed
protein aggregates under heating conditions, resulting in larger emul-
sion sizes and non-uniform particle size distribution [38]. Meanwhile,
the D43 of the emulsion droplets decreased significantly after the HIU
treatment. Among them, the smallest D43 of the emulsion was 985.74 +
64.89 nm at a power of 450 W. The dispersion of the emulsion was also
improved at this time, and the thermal stability reached the best
compared with the other treatment powers selected. This conclusion was
also demonstrated in the study by Li et al. The ultrasonicated oat pro-
teins showed smoother fluctuations in particle size during heating and
had better resistance to thermal aggregation [39]. At a power of 600 W,
the D43 of the emulsion showed a rebound, which was in agreement with
the results in 3.4, probably owing to the excessive ultrasonic intensity
affecting the emulsion stability.

3.6. The THC retention rate

THC is an unstable polyphenol in HSO and is subject to oxidative
degradation during storage, thus the retention rate of THC in emulsions
can be used as an indicator to evaluate the stability of emulsions. The
THC retention rates of the emulsions under different power HIU treat-
ments after storage for 0, 5, 10, 15, 20, 25, and 30 d are shown in Fig. 5.
The THC retention rate of all emulsions showed a decreasing trend as the
storage time increased, and the retention rate of the emulsions without
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Fig. 5. The THC retention rate of emulsions at different ultrasonic powers
during storage. Different letters represent significant differences at p < 0.05.

HIU treatment decreased to 65.92% after 30 days of storage, while the
rest of them were above 75%. Furthermore, the THC retention rate for
30 Days was the first to increase and then decrease with increasing ul-
trasonic power, and the highest value occurred at a power of 450 W with
87.64%. After increasing the power to 600 W, the THC retention
decreased to 81.25%. It can be concluded that HIU treatment promoted
the formation of a denser and thicker interfacial layer of the emulsion,
which hindered the diffusion of oxygen and oxidant, thereby avoiding
the oxidative degradation of THC [40]. This was also discussed in Sun
et al.’s study, where ultrasonic treatment-assisted a-tocopherol/casein-
stabilized grape seed oil emulsions were effective in inhibiting the
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Fig. 4. Thermal stability analysis under different ultrasound powers.
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formation of oxidative radicals in the oil and avoiding molecular
degradation [41]. At an ultrasonic power of 600 W, a decrease in THC
retention rate was observed. The appearance of this phenomenon was
associated with the HIU treatment promoting the dissociation of water
molecules and the production of free radicals. The rupture of cavitation
bubbles generated by ultrasonics can produce free radicals, and the
amounts of free radicals would be approximately proportional to the
ultrasonic power [50]. Thus, at a treatment power of 600 W, free radi-
cals caused oxidative degradation of THC, leading to a decrease in THC
retention rate.

3.7. Oxidative stability

The POV value is the degree of oil oxidation, which mainly deter-
mined the hydroperoxides produced by the reaction of unsaturated fatty
acids with oxygen, and can be used to evaluate the oxidative stability of
the emulsion. The POV of HSO emulsions treated with different power
HIU at days 0, 5, 10, 15, 20, 25 and 30 are shown in Fig. 6. The POV of all
HSO emulsions increased with the storage time within 30 d. It can be
observed that the POV values during storage of the emulsions were
significantly reduced after treatment compared to those of the non-HIU
treated emulsions during storage 10-30 d (p < 0.05). This phenomenon
demonstrated that the HIU treatment was able to inhibit the increase of
hydroperoxides in HSO and improve the oxidative stability of the
emulsions. This inhibition effect was optimal at a power of 450 W. The
POV value of 4.6 pmol/L was the lowest value after 30 d storage. The
reason for this phenomenon is in agreement with the findings in 3.2 and
3.4 above, that the 450 W-treated emulsion has the smallest particle size
and the highest adsorbed protein content, where the reduction in par-
ticle size may enhance the vulnerability of the emulsion to oxygen re-
action [42,43]; Increased adsorption proteins allow faster scavenging of
free radicals to inhibit lipid oxidation [44,45], thus improving the
oxidative stability. This same phenomenon was also found in the study
by Li et al. Appropriate sonication time helped to improve the oxidative
stability of sodium caseinate — soybean oil emulsion [37,46]. The POV
value is 5.7 pmol/L at 600 W, which is higher than the emulsion at 450
W. This may be caused by the high sound field of HIU and the strong
cavitation effect promoting the formation of highly reactive radicals
(hydrogen and hydroxyl radicals), which further synthesize hydrogen
peroxide and oxidize HSO [47,48]. Thus, while HIU treatment resulted
in an increase in hydrogen peroxide content. At 450 W treatment power,
it still decreased the POV value during storage and improved the
oxidative stability of the emulsion.

4. Conclusion

In this study, HPI-stabilized HSO emulsions were prepared by HIU
treatment, so that HPI was adsorbed at the oil-water interface and ar-
ranged in an orderly manner, and the effects of treatment power on the
physicochemical properties, microstructure and stability of the emul-
sions were discussed. The HIU treatment improved the emulsifying
properties, obtaining a more uniform particle distribution and higher
potentials. The particle size of the HIU treated emulsion in the fluores-
cence microscope image was small and well dispersed. Meanwhile, HIU
treatment significantly increased the amount of adsorbed protein, THC
retention rate, thermal stability and oxidative stability in the emulsion.
In summary, HIU treatment is considered as a suitable technique to
assist in the preparation of HSO emulsions stabilized by HPI. The
treatment at appropriate ultrasonic power helps to obtain HSO emul-
sions with desirable properties, which effectively protect the bioactive
components in the oil. This further expands its application in the food
industry.
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