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Abstract: Soybean oil body (SOB) has potential as a milk fat substitute due to its ideal emulsification,
stability and potential biological activity. In this study, SOB was used as a milk fat substitute to
prepare ice cream, expecting to reduce the content of saturated fatty acid and improve the quality
defects of ice cream products caused by the poor stability of milk fat at low temperatures. This study
investigated the effect of SOB as a milk fat substitute (the substitution amount was 10-50%) on ice
cream through apparent viscosity, particle size, overrun, melting, texture, sensory and digestive
properties. The results show SOB substitution for milk fat significantly increased the apparent
viscosity and droplet uniformity and decreased the particle size of the ice cream mixes, indicating
that there were lots of intermolecular interactions to improve ice cream stability. In addition, ice
cream with 30% to 50% SOB substitution had better melting properties and texture characteristics.
The ice cream with 40% SOB substitution had the highest overall acceptability. Furthermore, SOB
substitution for milk fat increased unsaturated fatty acid content in ice cream and fatty acid release
during digestion, which had potential health benefits for consumers. Therefore, SOB as a milk fat
substitute may be an effective way to improve the nutritional value and quality characteristics of
dairy products.

Keywords: soybean oil body; ice cream; melting properties; texture; sensory evaluation;
digestive properties

1. Introduction

Ice cream has good flavor and texture as a consumer-friendly frozen dairy product.
Ice cream, as an oil-in-water frozen aerated emulsion, contains partially agglomerated
fat globules, unfrozen viscous whey, ice crystals and air bubbles [1]. Generally, ice cream
contains 10-16% fat, which is an important ingredient in ice cream and affects the melting
resistance, shape retention and smoothness of ice cream after the freezing process [2]. Milk
is usually the main raw material for preparing ice cream, containing about 3.5-5.0% fat,
which mainly contains 98% triacylglycerol and a small amount of phospholipids, free fatty
acids and cholesterol [3,4]. Interestingly, milk fat is triacylglycerol present in milk as an
emulsion (oil-in-water), commonly known as fat globules. The particle sizes of fat globules
range from 0.1 to 15 pum. Due to the wider particle size distribution, milk fat stored at
low temperatures could cause aggregation of fat globules as fat crystals protrude from
the globule surface and damage the fat globule membrane, resulting in poor performance
defects in whole milk ice cream stability [5]. In addition, milk fat is associated with
many negative health effects, mainly due to the relatively high content of saturated fatty
acids, which could lead to the increase of cholesterol and low-density lipoprotein, thereby
increasing the risk of cardiovascular disease [3]. Furthermore, the increasing consumer
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preference for natural and healthy functional foods has prompted ice cream makers to look
for innovations in health-beneficial ingredients to meet consumer demand [6-8].

Soybean oil body (SOB) is lipid-storing organelles in soybean with a particle size
in the approximate range of 0.4-2.0 um [9]. The purified SOB consists mainly of neutral
lipid droplets (87-91.89%) surrounded by natural emulsifiers, mainly phospholipids and
basic proteins. SOB is endowed with unique stability and emulsifying properties owing
to the charge of the surface proteins of SOB and the polarity of the phospholipids that
increase the mutual repulsion between the SOBs to prevent aggregation [10]. In addition,
SOB is rich in nutrients such as vitamin E, unsaturated fatty acids and phytosterols [10,11].
Among them, palmitic acid, oleic acid, «-linolenic acid and linoleic acid are the main
unsaturated fatty acids in SOB, amounting to around 96% of the total fatty acids [12].
Typically, SOB is extracted and concentrated into a white cream that can be diluted to form
a natural oil-in-water emulsion, and SOB retains its natural function and physical stability
under processing conditions. SOB is rich in a variety of bioactive components, and ideal
emulsification and stability, therefore it has the potential to be used as a milk fat substitute
in various foods (e.g., ice cream, mayonnaise) [13].

In this study, SOB was served as a milk fat substitute to prepare ice cream, expecting
to reduce the content of saturated fatty acid and improve the quality defects of ice cream
products caused by the poor stability of milk fat at low temperatures. The apparent viscos-
ity, particle size, melting properties, chemical composition, microstructure and digestive
properties of ice cream were characterized to explore the consequence of SOB as a milk
fat substitute on ice cream quality. While improving the beneficial ingredients and quality
of ice cream to further determine the application value of SOB in ice cream, this study
provides a theoretical underpinning for expanding the application of SOB in the food
industry and also supplies innovative ideas for the development of healthy frozen foods.

2. Materials and Methods
2.1. Materials

Soybeans were obtained from the Soybean Institute of Northeast Agricultural Uni-
versity (Harbin, China). Skimmed milk powder was purchased from Inner Mongolia Yili
Industrial Group Co., Ltd. (Hohhot, China). Vast cream was purchased from Qingdao
Nestle Co., Ltd. (Qingdao, China).

2.2. Preparation of SOB

The preparation method of SOB referred to the description of Zhou et al., [9]. Briefly,
after soaking clean soybeans in deionized water for 12 h, a 20% sucrose solution was
added. The mixture was ground (18,000 r/min 120 s) and filtered to obtain soybean milk.
Then, the soybean milk was centrifuged (8000 g, 4 °C, 20 min) to collect the precipitation.
The precipitation was resuspended in 20% sucrose solution and centrifuged (8000x g,
4 °C, 20 min). This step was repeated three times to obtain SOB and sterilized at 100 °C
for 20 min.

2.3. Preparation of Ice Cream

Skimmed milk powder (14%, w/w), granulated sugar (10%, w/w), egg yolk (5%, w/w),
cream (12%, w/w) and water were mixed and filtered. Among them, SOB was used to
replace cream according to 0% (control group), 10%, 20%, 30%, 40% and 50% of the amount
of cream. Then, the above mixture was homogenized (15 MPa, 65 °C), pasteurized (75 °C,
20 min) and aged (4 °C, 12 h) to obtain the ice cream mixes. Finally, the ice cream mixes were
whipped and frozen for 30 min and hardened (—18 °C, 24 h) to obtain ice cream samples.

2.4. Steady Shear Rheological Properties of Ice Cream Mixes

The method for the determination of the steady shear rheological properties of ice
cream mixes referred to the description of Jiang et al., and was modified [14]. The steady
shear rheological properties of the ice cream mixes were determined at 4 °C by the rotational
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rheometer (MARS40, Thermo, Waltham, MA, USA). The ice cream mixes were placed on
the plate system (60 mm in diameter) of the rheometer. The strain was set to 0.6%. The
range of the shear rate was 1-100 s ! in 120 s to measure the apparent viscosity, consistency
index (K) and flow behavior index (n).

2.5. Particle Size of Ice Cream Mixes

The measuring method of average particle diameter referred to the report of
Zhao et al., [15]. The ice cream mixes were diluted 100-fold with SDS solution (1%, w/v)
and measured by laser particle size distribution analyzer (HYL-1076, Haoyu Technology,
Dandong, China). Droplet size measurements were reported as surface average diameter
(Dy3,2]), volume average diameter (D4 31) and median diameter (Dsp).

2.6. Overrun of Ice Cream

The overrun of ice cream was measured according to the method of Pon et al., [16].
Equal volumes of ice cream mixes and ice cream samples were weighed to calculate ice
cream overrun. The formula for calculating the overrun was as follows, where the mass of
the ice cream mixes was recorded as Wy and the mass of the ice cream sample was recorded
as Wy:

Overrun (%) = 100 x (Wy — W1)/W; 1

2.7. Melting Properties of Ice Cream

The determination method of the melting properties referred to the description of
Kurt et al., [1]. The ice cream samples were placed on a metal mesh screen at 37 °C for
60 min to determine the first dripping time (min) and the ice cream melting rate (%).

2.8. Texture of Ice Cream

The hardness, adhesiveness, springiness and chewiness of ice cream samples were
determined by texture analyzer (TA-XT Plus, SMATA, Godalming, England). The specific
parameters are as follows: the texture analyzer probe was P/5, the probe diameter was
5 mm, the pre-measurement rate was 8§ mm/s, the mid- and post-measurement rate was
2 mm/s, the penetration depth was 15 mm and the trigger force was 20 g.

2.9. Physicochemical Properties of Ice Cream

The chemical composition of the ice cream was determined according to AOAC [17].
The content of fatty acids was determined by gas chromatography-mass spectrometry
(Nexis GC-2030, Shimadzu, Kyoto, Japan) [18]. The chromaticity of ice cream samples
was measured by color difference meter (ZE6000, Nippon Denshoku, Tokyo, Japan), in
which L* value represented the light dark value, a* represented the red green value and b*
represented the yellow blue value. The flavor of the ice cream samples was determined by
electronic nose.

2.10. Microstructure of Ice Cream

The observation method of ice cream microstructure referred to the report of Zhou et al.,
and was modified [19]. The microstructures of ice cream were observed using ultra-high
distraction microscopy (Deltavision OMX SR, GE, Boston, MA, USA). An amount of 2 mL
of diluted 5 times ice cream samples were added with 40 uL of Nile red (0.1%) and 50 uL
Nile blue (0.1%) (Amresco, Washington, DC, USA) and then avoided light reaction for
30 min. An amount of 1.5 uL of the reaction liquid was placed in a slide and then the
microstructure and the distribution of fat and protein were observed at the excitation
wavelength of 488 nm.

2.11. Sensory Evaluation of Ice Cream

The sensory evaluation system is established by using the fuzzy mathematical model.
The sensory scoring standard was shown in Table S1 in the Supplementary Materials.
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Then, according to the sensory evaluation index, the index set was established.
U = {uj, uy, us, uy}, where uj, up, uz and uy represented the color, taste, texture and
flavor of ice cream, respectively. The sensory evaluation comment set was established
V = {vyq, vy, v3, v4}, where vy, vy, v3 and v, represented excellent, good, medium and
poor, respectively. The middle score of each grade was selected as the final sensory score,
vV=1{975,3}

In addition, 10 professionally trained sensory panelists (half male and half female)
performed a weighted analysis on the color, taste, texture and flavor of ice cream samples.
The frequency statistics method was adopted to determine the weight of each evaluation
index. The weight set was X = {x1, X, X3, X4}

Furthermore, the fuzzy matrix was established. The 10 sensory panelists scored ice
cream samples based on color, taste, texture and flavor. The final votes for each grade
(excellent, good, medium, poor) were counted. Fuzzy matrix R was the number of votes at
each grade divided by the total number of sensory panelists. Fuzzy relation evaluation set
was Y = X x R. Sensory score was T =Y x V.

2.12. Simulated Digestion of Ice Cream In Vitro

Preparation of artificial saliva: 15.1 mmol KCl, 3.7 mmol KH,POy, 13.6 mmol NaHCO3,
0.15 mmol MgCl,(H,0)e, 0.06 mmol (NHy4),COj3, 0.075 mmol CaCl,(H,0); and 50 mg
ptyalin (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China) were dissolved in
deionized water with constant volume to 500 mL and adjusted pH to 6.8.

Preparation of artificial gastric juice: 6.9 mmol KCl, 0.9 mmol KH;PO4, 25 mmol
NaHCOQO3, 47.2 mmol NaCl, 0.1 mmol MgCl,(H,O)4, 0.5 mmol (NH,),CO3, 0.075 mmol
CaCly(H,0), and 10° U pepsin were dissolved in deionized water with constant volume to
500 mL and adjusted pH to 2.0.

Preparation of artificial intestinal juice: 6.8 mmol KCIl, 0.8 mmol KH;POj,, 85 mmol
NaHCO3, 38.4 mmol NaCl, 0.33 mmol MgCl,(H,0)e, 0.3 mmol CaCl,(Hp0); 160 mmol
bile salt and 5 x 10* U trypsin were dissolved in deionized water with constant volume to
500 mL and adjusted pH to 7.0.

The digestion model in vitro was constructed according to the method of Ma et al., [20].
Briefly, ice cream samples were mixed with artificial saliva (1:1, v/v) and digested for 5 min
at 100 rpm/min on a 37 °C incubator shaker. Then, the artificial saliva digesta was mixed
with artificial gastric juice (1:1, v/v) and digested for 60 min at 100 rpm/min on a 37 °C
incubator shaker. Finally, the artificial gastric digesta was mixed with artificial intestinal
juice (1:1, v/v) and digested for 120 min at 100 rpm/min on a 37 °C incubator shaker. Finally,
the digesta were placed at —80 °C to terminate the reaction and stored. In addition, the
artificial saliva, artificial gastric juice and artificial intestinal juice were replaced with equal
volumes of deionized water in the control sample (undigested ice cream dilution sample).

2.13. Determination of Free Fatty Acid

The pH-stat method was used to measure the content of the free fatty acids released
in simulated intestinal juice digestion (20, 40, 60, 80, 120 min) according to the method of
Hageman et al., [21]. Changes in the pH of the digesta were due to the release of free fatty
acids during digestion, so the content of free fatty acids can be determined by recording the
consumption of NaOH to neutralize the pH of the digesta. The formula for calculating the
concentration of free fatty acid was as follows, where the volume of NaOH consumed when
the pH of the digesta reached 7.0 was recorded as V; (uL), the concentration of NaOH was
recorded as C; (mol/L) and the digest volume was recorded as V; (mL):

Free fatty acid (umol/mL) = (V1 x C1)/V> (2)

2.14. Determination of Protein Digestibility

The determination method of protein digestibility followed the previous report of
Li et al., [22]. An amount of 1 mL of trichloroacetic acid (10%) was added to 1 mL of
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gastric digesta, intestinal digesta and the control sample (undigested ice cream dilution
sample), respectively. After mixing, the mixture was centrifuged at 20 °C for 15 min with a
centrifugal force of 8000 x g and the supernatant was taken. The protein content of each
supernatant was then determined using the BCA protein assay kit. The protein content
remaining in the digesta was recorded as C; and the protein content in the control sample
(undigested ice cream dilution sample) was recorded as C,. The formula for calculating the
protein digestibility was as follows:

Protein digestibility (%) =100 x (1 — C1/Cp) 3)

2.15. Sodium Dodecyl Sulphate—Polyacrylamide Gel Electrophoresis

The experiment method referred to the description of Nikiforidis et al., and was
improved [23]. Briefly, ice cream samples were treated with Tris-HCL buffer solution
(6.25 mmol/L) and heated by water bath (100 °C, 10 min). After the electrophoretic, the gel
was stained by Komas Blue R-250 and was discolored by glacial acetic acid

2.16. Statistical Analysis

All results were the mean of three independent replicates and expressed as mean =+ standard
deviation. One-way analysis of variance (ANOVA) was used with SPSS statistics software
(SPSS 26.0, Chicago, IL, USA). p < 0.05 represented significant difference with Duncan’s test.

3. Results
3.1. Apparent Viscosity of Ice Cream Mixes

The apparent viscosity is a crucial indicator reflecting the flow behavior and the taste
of ice cream. The sample exhibited shear thinning behavior shown in Figure 1A, as the
apparent viscosity of the ice cream mixes decreased with the increase of shear rate [1].
This was because the shearing of the ice cream mixes would produce a destructive effect,
which increased the arrangement of constituent molecules in its structure, resulting in the
non-Newtonian pseudoplastic flow of the ice cream mixes [24]. In addition, the consistency
index (K) and flow behavior index (n) of the ice cream mixes were shown in Table 1. The
n values of ice cream mixes were less than 1 and ranged from 0.54 to 0.65, indicating
that the ice cream mixes were pseudoplastic fluids. Meanwhile, the K value of ice cream
mixes increased significantly with the increase of SOB substitution amount, while the n
value decreased significantly. When the SOB substitution amount was 40%, the K value
reached the maximum and showed the lowest n value. The smaller value of n reflected a
departure from the Newtonian flow, indicating higher pseudoplasticity of the ice cream
mixes with 40% SOB substitution [25]. Moreover, the apparent viscosity of ice cream mixes
increased significantly with the increase of SOB substitution amount. Possibly due to the
excellent emulsion stability of SOB, high concentration of SOB could act as a stabilizer to
maintain the emulsion system of ice cream, thereby increasing the apparent viscosity of
SOB ice cream [26]. Furthermore, the increase of apparent viscosity and consistency index
of the ice cream mixes with SOB as a milk fat substitute might be due to the differences
in intermolecular interactions. Variations in interactions were caused by differences in
biopolymer types and differences in the chemical composition of the surfaces of SOB and
milk fat globules. As the substitution amount of SOB increased, the changes in aggregation
degree of droplets and the chemical composition of fat globules in ice cream mixes led
to altered intermolecular interactions. Biopolymers generate new ordered and improved
structures through hydrogen bonding or hydrophobic interactions between non-polar side
segments of the carbon backbone to cause differences in rheological behavior [27,28].



Foods 2022, 11, 1504 6 of 16
16 —— 0%
A —+=1 B 7 - 10%
! % o —
144+ o " o
; ——30% i
L 40%
‘ - 40% s, ey
i- 50% Q 50%
12 =
a2 = 44
« 5
=
E £ 3
= =
y E -
l =)
6 B
1 1 1 1 1 1 1 1 1 ] —l T : .
10 20 30 40 50 60 70 80 90 100 0.1 1 10 100
Y (s_l) Particle size distribution (pm)
Figure 1. Effects of different SOB substitution amounts on (A) apparent viscosity and (B) particle size
distribution of ice cream mixes.
Table 1. Effects of different SOB substitution amounts on consistency index, flow behavior index,
particle size and uniformity of ice cream mixes.
SOB Substitution Amounts (%)
0 10 20 30 40 50
K (Pa-s™) 022+0.01¢ 032+002°> 02640014 031+001P 036+£0012 02940.01¢
Rheological n 0.65+0.022  056+0019 061+002° 058+£001°¢ 054+001¢ 0.59 4 0.02b¢
R2 0.9372 0.9396 0.9452 0.9403 0.941 0.9308
Dsp (um) 1.04 £0.022  092+0.02° 084+001¢ 080+0019 063+001° 0.58 +0.01f
Particle size Dy 3) (um) 1.36+0.102 1.15+0.03P 1.02+£001¢ 097+0019 0774£0.02¢ 0.69+0.03°f
Djo (um)  072+£0.012  067+£003°> 063+001¢ 060+0019 0504+001°¢ 046+0.01f
PDI 0.84 £0.032 0684001 064+£000° 061+0019 058+001° 053 +0.02f

K—consistency index; n—flow behavior index; R?—correlation coefficient; PDI—particle dispersion index. Results
are mean =+ SD of three determinations. Different alphabet represents significant difference in the row (p < 0.05).

3.2. Particle Size of Ice Cream Mixes

The volume-weighted average particle size (Dy43)]) and particle size distribution of
droplets are effective indicators for evaluating the stability of ice cream mixes and the
degree of droplet coalescence and are important for improving the sensory properties of
food products [29]. The particle size of the ice cream mixes showed a unimodal distribution
and the particle size peak distribution of the ice cream mixes without SOB substitution was
at 1.32 um (Figure 1B). With the increase of SOB substitution amount, the particle size of ice
cream slurry gradually decreased, especially when SOB replacement amount was 50%, the
particle size peak distribution of ice cream slurry was at 0.67 um. The SOB ice cream mixes
had a smaller particle size compared with full milk fat ice cream mixes, probably because the
particle size of SOB was less than the particle size of the milk fat globules. Therefore, as the
SOB substitution increased, the particle size of the ice cream mixes gradually decreased [9].
On the other hand, as a natural emulsifier, SOB had an excellent stabilizing effect on the
dispersion of droplets in ice cream mixes [30]. In addition, due to the surface protein and
polarity phospholipids, the SOB surface could form a tight and stable charged layer, thereby
increasing the spatial resistance between SOBs to avoid aggregation [10]. Therefore, the ice
cream mixes with SOB substitution had a smaller particle size and particle dispersion index
than the ice cream mixes without SOB substitution, indicating that the ice cream mixes
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with SOB substitution had a more stable emulsion system and showed a trend of increasing
dependence on the SOB substitution amount [31]. In addition, the smaller particle size
could enhance the creamy flavor characteristics of ice cream.

3.3. Overrun of Ice Cream

The overrun represents the air content in ice cream and is a crucial indicator affecting
the melting, texture, and sensory characteristics of ice cream [1]. According to Figure 2A,
the overrun of ice cream without SOB substitution was (18.37 £ 0.99)%, while when the
SOB substitution amount was 40%, the overrun of ice cream reached the maximum, which
was (29.74 £ 0.47)%. The overrun of ice cream with SOB substitution increased significantly
(p < 0.05), which may be correlated with significantly higher foamability of SOB than milk
fat globules. In addition, it may also be attributed to the increase in the apparent viscosity
of the ice cream mix with increasing SOB substitution. According to reports, the apparent
viscosity of the emulsion system had a crucial impact on the overrun of ice cream, because
a certain apparent viscosity was required to produce moderate overrun [32]. The spherical
bubbles in ice cream were usually surrounded by a network of partially coalesced fat
droplets, which were also surrounded by whey protein, casein and emulsifiers; therefore, as
a milk fat substitute, the addition of SOB increased the apparent viscosity of the ice cream
mixes, which stabilized the formation of air bubbles. Meanwhile, the higher apparent
viscosity allowed the air to form many smaller air chambers in the ice cream, giving the ice
cream a higher overrun [33]. Furthermore, the increase in the apparent viscosity of the ice
cream mixture caused by the increase in SOB substitution was conducive to preventing the
collapse and coagulation of air bubbles in the ice cream [34].
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Figure 2. Effects of different SOB substitution amounts on (A) overrun and (B) melting properties of
ice cream. Different alphabet represents significant difference in the same indicator (p < 0.05).

3.4. Melting Properties of Ice Cream

The effects of different SOB substitution amounts on the melting rate and the first
dripping time of ice cream were shown in Figure 2B. The melting rate of ice cream without
SOB substitution was (35.50 + 2.12)%, while when the SOB substitution amount was 40%,
the melting rate of ice cream decreased to (24.57 £ 1.24)% (p < 0.05). Meanwhile, compared
with the ice cream without SOB substitution for milk fat, the first dripping time of the ice
cream with SOB substitution was significantly extended (p < 0.05). This may be because
the overrun of the ice cream increased with the amount of SOB substitution, meaning
there were more air chambers in the ice cream, which reduced the melt rate. Air is a bad
conductor of heat, which will reduce the heat diffusion rate of ice cream, so the melting
rate of ice cream will be decreased [35]. In addition, the increase in SOB substitution
increased the apparent viscosity of the ice cream mixes, which could prevent the migration
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of water molecules in the ice cream at ambient temperature to decrease the fluidity of ice
cream, thereby increasing the anti-meltdown of ice cream [27]. Furthermore, it has been
reported that the degree of aggregation of the droplets in the ice cream was also significantly
correlated with the melting rate of ice cream [36]. As the amount of SOB substituted for
milk fat increased, the particle size and the particle distribution index of the ice cream mixes
decreased, which could improve the stability of the ice cream emulsion system, thereby
preventing the migration of water molecules and decreasing the melting rate of SOB ice
cream [36]. In contrast, for the full milk fat ice cream with lower overrun and stability
there was not enough network space structure to prevent melting and complete collapse.
Therefore, the substitution of milk fat with SOB could improve the melting properties of
full milk fat ice cream and the decrease of the melting rate was dependent on the increase
of the substitution amount of SOB.

3.5. Texture Properties of Ice Cream

The effects of different SOB substitution amounts on the texture properties of ice cream
were shown in Table 2. Compared with ice cream without SOB substitution, the hardness
of SOB ice cream decreased significantly with the increase of SOB substitution amount, but
the adhesiveness, springiness and chewiness increased significantly with the increase of
SOB substitution amount (p < 0.05).

Table 2. Effects of different SOB substitution amounts on the texture properties of ice cream.

SOB Substitution Amounts (%)

Hardness (g)

Adhesiveness (g-s)

Springiness
Chewiness

10 20 30 40 50
5899.93 + 56.692  5506.79 +92.58P  5042.31 & 130.08 ¢ 474050 + 96.28 94  4326.72 4+ 79.66°¢ 422343 + 47.14f
138.97 +2.80 f 165.94 + 4.59 € 221.68 +1.78d 256.21 + 6.72 ¢ 270.37 £9.10° 315.96 + 4.35 2
0.73 +0.02 4 0.78 4 0.01°¢ 0.80 4 0.01 b¢ 0.81+0.01° 0.82 + 0.01 3 0.84 +0.042
24318 £5.15¢ 263.56 + 10.98 4 314.82 +£4.80 ¢ 346.46 + 6.96 ° 384.99 +4.102 39291 +2.142

Results are mean + SD of three determinations. Different alphabet represents significant difference in the row
(p <0.05).

The hardness distinction between ice cream with SOB substituted and full milk fat
ice cream may be that SOB substitution increased the apparent viscosity of the ice cream
mixes. The increased viscosity of the ice cream network structure could decrease the
formation of bulky and large-sized ice crystals during freezing, which would decrease the
hardness of the ice cream [37]. This result was similar to the report of Kurt et al., that the
addition of quince seed increased the viscosity of ice cream mixes, which led to a decrease
in hardness of ice cream [1]. In addition, the ice cream with 50% SOB substitution had
high adhesiveness, springiness and chewiness, which indicated that the addition of SOB
improved the recovery rate of ice cream after deformation and signified that the yield
stress of ice cream increased [1]. In general, there is a significant correlation between
oral processing parameters and textural properties (i.e., adhesiveness, springiness and
chewiness) [38]. The ice cream with SOB substitution will have a smoother mouthfeel
during tasting due to the increase in ice cream adhesiveness and the decrease in ice crystal
size [39]. In addition, the food with high springiness has reversible deformation during
chewing, and chewiness is generally positively correlated with the number of chews before
swallowing [38]. Therefore, the chewiness and springiness of ice cream increased with SOB
substitution, which could prolong the residence time of ice cream in the mouth, which was
important for increasing the oral perception of milk and soy flavors.

3.6. Physicochemical Analysis of Ice Cream

The effects of different SOB substitution amounts on the physicochemical analysis of
ice cream were shown in Table 3. The contents of total soluble solids (TSS), protein and
carbohydrate in ice cream with SOB substitution increased significantly and the content of
fat decreased significantly (p < 0.05) compared with ice cream without SOB substitution,
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indicating that there were differences in the chemical composition of SOB and milk fat.
This is because milk fat globules contain 98% triacylglycerols and less than 2% protein,
while SOB contains 87-91.89% neutral lipid droplets and 5.42-13% basic protein [3,10]. In
addition, the content of saturated fatty acids in ice cream with SOB substitution for milk fat
decreased significantly and the content of unsaturated fatty acids increased significantly
compared with full milk fat ice cream (p < 0.05), therefore the contents of saturated fatty
acids and unsaturated fatty acids in SOB and milk fat globule was different. Milk fat mainly
contained saturated fatty acids, while the SOB mainly contained unsaturated fatty acids [40].
More evidence shows that a large amount of myristic acid intake would increase the risk of
plasma cholesterol and cardiovascular disease [41]. In contrast, a diet rich in unsaturated
fatty acids has proven to improve high density lipoprotein function that protects patients
with cardiovascular disease [42]. Meanwhile, unsaturated fatty acids play a crucial part in
improving immune function and reducing systemic inflammation by regulating patterns
on immune cells [43]. Therefore, the ice cream prepared with SOB substitution for milk fat
had potential and healthy functions.

Table 3. Effects of different SOB substitution amounts on the physicochemical parameters of

ice cream.
SOB Substitution Amounts (%)

0 10 20 30 40 50
TSS °Bx 30.65 +0.03f  30.814+0.04°  30.87+0.02¢ 3097 +£0.03¢ 31.04 +0.02>  31.08 +0.012
Physicochemical Fat % 597 +0.042 5.88 +0.03 P 5.78 +0.04 ¢ 5.71 +0.05 4 5.63 & 0.02 € 553 +0.03f
properties Protein % 557 +0.03f 5.68 +0.04°¢ 5.76 + 0.03 4 5.84 +0.05¢ 5.92 +0.04° 6.01 +£0.022
Carbohydrate %  18.14+0.06f  1825+0.05¢  18.34 +0.06¢ 18.42 4+ 0.03 1848 +0.02> 1853 +0.042
Myristic acid % 5.92 +0.012 5.34 +0.03° 4.96 £ 0.08 4.51+0.104 4.31+£0.04¢ 3.79 +0.03f
Hyperic acid % 2725+0.112 2640+ 0.03P  25614+002¢  2425+0609  23934+022° 2254 +£0.17f
Fatty acid Glycolic acid % 9.08 +0.082 8.64 4+ 0.00° 836 +0.10P 8.06 +£0.19°¢ 7.95+0.18¢ 7.40 £+ 0.04 4
content Oleic acid % 2565+ 0.062 2590 +0.013 2593 +0.32% 2598 +0.512 261040332 2620+ 0.082
Linoleic acid % 478 +0.03f 7.90 + 0.04 11.13 +0.12 4 14.48 +0.20 ¢ 1597 £ 001>  17.95+0.132
Linolenic acid % 0.34+0.01f 0.96 + 0.03 1.40 £+ 0.04 4 1.85 +0.01°¢ 2.05 4+ 0.02° 23140012
L* 95.95 +2.103 9740 £0.593  96.60 + 0.56 2 96.86 +2.023 9790 +1313  98.83 +3.87%
Color a* 0.64 +£0.022 0.56 &+ 0.02° 0.41 +0.05°¢ 0.45 4+ 0.03 ¢ 0.35 +0.03 4 0.30 &+ 0.02 ¢
properties b* 2131 +0273  20.65+0.05° 2142+0.082  2097+0.17% 21324+033% 21524+0.79°2

AE - 1.60 0.70 0.99 1.97 291

TSS—total soluble solids; L*—lightness; a*—redness; b*—yellowness; AE—chromatic aberration. Results are
mean £ SD of three determinations. Different alphabet represents significant difference in the row (p < 0.05).

3.7. Color Properties of Ice Cream

The effects of different SOB substitution amounts on the color properties of ice cream
were shown in Table 3. The a* value in ice cream with SOB substitution significantly
decreased with the increase of SOB substitution amount compared with ice cream without
SOB substitution (p < 0.05), which was due to the difference in the color properties of SOB
and milk fat itself, indicating that SOB has less red than the milk fat. Additionally, it could
be due to the decreased particle size of the droplets, which scattered the light, making the
ice cream whiter [44]. However, the difference between the L* and b* values of ice cream
with different SOB substitution amounts was not significant (p > 0.05). In addition, the
AE value of the ice cream with different SOB substitution amounts was 1.60, 0.70, 0.99, 1.97
and 2.91. Bayram et al., [45] reported that when the AE value reached 3.7, the naked eye
could perceive the difference in color. Therefore, the ice cream with SOB substitution for
milk fat cannot bring unpleasant color properties to the naked eye.

3.8. Microstructure of Ice Cream

Ultra-high-resolution optical microscope was used to observe the microstructure of
ice cream as shown in Figure 3 (green represented fat and red represented protein). The
droplets of ice cream without SOB substitution for milk fat aggregated and formed larger
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particles. However, the droplets of ice cream with SOB substitution were dispersed and
uniform, and the particle size of the droplets in the ice cream gradually decreased with
the increase of the SOB substitution amounts. This may be due to the small particle size
and the high stability of SOB, so there are few droplet aggregates formed [36]. In addition,
due to the surface protein and polarity phospholipids, the SOB surface could form a tight
and stable charged layer, thereby increasing the spatial resistance between SOBs to avoid
aggregation [10]. The above results indicated that SOB has an excellent stabilizing effect
on the dispersion of droplets in ice cream. This result was consistent with the decrease
in particle size and particle distribution index of the ice cream mixes with the increase in
SOB substitution.

Figure 3. Effects of different SOB substitution amounts on microstructure of ice cream.
(A-F) represent the ice cream with 0%, 10%, 20%, 30%,40% and 50% of SOB substitution for milk
fat, respectively.

3.9. Flavor Properties of Ice Cream

The electronic nose signals of ice cream with different SOB substitution amounts were
analyzed to distinguish the flavor differences. The principal component analysis (PCA)
chart (Figure 4A) showed that the contribution rate of the first principal component of the
ice cream sample was 75.94%, the contribution rate of the second principal component
was 13.46% and the cumulative contribution rate was 89.40%, indicating that the sample
information was sufficient [46]. In addition, the radar chart (Figure 4B) showed W1S
(methyls), W2S (alcohols, aldehydes and ketones), W3S (long-chain alkanes) and W6S
(hydrides) in the volatile flavor compounds of ice cream majored contribution. Among
them, the response intensity of W2S in ice cream with SOB substitution for milk fat was
higher than that in ice cream without SOB substitution and the response intensity of W2W
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PC2 (13.46%)
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(sulfides) was lower than that in ice cream without SOB substitution. This may be due
to the difference in flavor compounds in SOB and milk fat, illustrating that ice cream
with SOB substitution had higher abundances of alcohols and aromatics compounds and
lower abundances of sulfides compounds than full milk fat ice cream. However, except
for the ice cream with 50% SOB substitution, the PCA chart of the ice cream samples
with a different SOB substitution amount were overlapped, which was due to the smaller
difference between the response values of the electronic nose sensor for different ice cream
samples. The reason for the difference in flavor properties between the ice cream with
50% SOB substitution and the other ice cream samples may be that the soy flavor of the
50% SOB significantly masked the creamy flavor. Furthermore, except for W2W and W25,
the response values of other sensors were similar between the full milk fat ice creams and
the ice cream with SOB substitution. The results indicated that the SOB substitution of
less than 50% could maintain the original flavor of full milk fat ice cream while imparting
proper bean flavor.

0% B wiC — 0%
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Figure 4. Effects of different SOB substitution amounts on flavor properties of ice cream, they should
be listed as: (A) principal component analysis plot; (B) radar chart.

3.10. Sensory Score of Ice Cream

Table 4 showed the scoring of ice cream with different SOB substitution amounts for
10 sensory panelists. Then, based on the fuzzy mathematical sensory evaluation model, the
comprehensive score matrix was established to calculate the sensory score. According to
the sensory panelists, the ice cream with SOB substituted for milk fat had a distinct soybean
flavor and this flavor increased with SOB substituted amounts without negatively affecting
sensory scores. The results showed that 40% SOB substitution improved the sensory score
(8.46) of ice cream, indicating improved acceptability. In addition, although the sensory
scores of ice cream with 50% SOB substitution and with 40% SOB substitution were not
significantly different, but, according to the sensory evaluation panelists, the bean flavor of
ice cream with 50% SOB substitution obviously masked the creamy flavor, so the creamy
flavor was not strong enough to make ice cream with 50% SOB substitution less acceptable
than ice cream with 40% SOB substitution. Moreover, according to the sensory evaluation
panelists, ice cream substituted with 30-50% SOB had a smooth texture and uniform
melting compared with full milk fat ice cream, which was consistent with the texture
property results in this study. This may be due to the particle size and particle distribution
index of ice cream gradually decreasing with the increase of SOB substitution, indicating
that the droplets in the ice cream were uniformly dispersed and easily melted uniformly in
the mouth. Furthermore, the smooth mouthfeel indicated that SOB substitution for milk fat
eliminated the roughness of the full milk fat ice cream, suggesting that the increase in SOB
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substitution decreased the ice crystals detectable in the ice cream during melting [37]. This
result was consistent with the change trends of ice cream hardness. The sensory evaluation
results showed that the ice cream with 40% SOB substitution for milk fat had the highest
sensory score, even more generally acceptable than the full milk fat ice cream.

Table 4. Effects of different SOB substitution amounts on the sensory score of ice cream.

SOB Substitution Color Taste Texture Flavor S
ensory Score
Amounts (%) E G P E G M P E G M P E G M 7P

0 7 3 0 0 5 3 2 0 6 3 1 0 7 3 0 0 8.06 & 0.19 be
10 7 3 0 0 2 5 2 1 4 4 1 1 6 3 1 0 744 4+0.194
20 7 3 0 0 3 5 2 0 5 4 1 0 8 1 1 0 789 £034°¢
30 8 2 0 0 3 6 1 0 8 2 0 0 8 2 0 0 8.26 + 0.24 2P
40 9 1 0 0 5 4 1 0 8 2 0 0 9 1 0 0 8.46 +0.202
50 8 2 0 0 5 5 0 0 8 2 0 0 7 3 0 0 8.38 £ 0.132

E—excellent; G—good; M—moderate; P—poor. Different alphabet represents significant difference in the column
(p <0.05).

3.11. Particle Size of Ice Cream In Vitro Digestion

The particle size of ice cream in vitro digestion was shown in Figure 5A. With the
extension of digestion time, the particle size of ice cream digesta showed a trend of first
increasing and then decreasing. During simulated saliva digestion, the D4 3] of ice cream
increased significantly, which may be due to the binding of anionic mucins in saliva to the
positive charges of droplet surface proteins, depleting the interaction between droplets
and causing aggregation, resulting in the increase of Dy43; [47]. In addition, the Dyy 3
of ice cream digesta increased significantly when digested in simulated gastric juice for
20 min. This result was because the gastric juice was acidic and contained various protein
hydrolase, thus the casein micelles and fat globule surface proteins in ice cream samples
were denaturation, hydrolyzed and aggregated [47]. Meanwhile, the interface protein of
the droplet was partially hydrated, resulting in a decrease in electrostatic exclusion, i.e.,
flocculation, and the Dyy 3; of the digesta increased [48]. In particular, in simulated gastric
juice for 20 min, the Dyy 3 of the full milk fat ice cream digesta was significantly higher
than that of the ice cream with SOB substitution, which may be because the surface protein
of milk fat globules was more easily hydrolyzed by pepsin than the surface protein of
SOB, thereby destabilizing the ice cream emulsion system, resulting in digesta particle size
increase. Furthermore, with the increase of digestion time in gastric and intestinal juice,
the flocculated protein was decomposed by protease, resulting in the decrease of Dy 3 of
ice cream digesta [47]. Among them, the D4 3} of ice cream digesta with SOB substitution
was always smaller than that of full milk fat ice cream digesta and the D4 3) of digesta
decreased with the increase of SOB substitution amount. This meant that the ice cream
with SOB substitution was easier to digest and absorb than full milk fat ice cream.

3.12. Free Fatty Acids of Ice Cream In Vitro Digestion

The intestine is the main place for fat digestion and release, which transforms fat
into absorption forms through interaction with pancreatic and bile secretions [3]. The
free fatty acid release of ice cream in vitro digestion was shown in Figure 5B. With the
movement of digestion time, the free fatty acid releases showed the trend of increased first
and then gentle. This is because the triacylglycerols were converted into free fatty acids
under the action of trypsin and bile salts when the ice cream gastric digesta was digested
in simulated intestinal juice for 20 min, thus significantly increasing the release of free fatty
acids. Furthermore, at the same digestion time, the release of free fatty acids from the ice
cream digesta increased significantly with increasing SOB substitution. This may be due to
the smaller particle size of droplets of ice cream with SOB substitution, so the same volume
of fat had a larger surface, which could promote lipase to enter the oil-water interface to
convert triglycerides into free fatty acids and glycerol, resulting in free fatty acids release
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in digestive juices increased [49,50]. The results indicated that the ice cream prepared by
substitution SOB for milk fat was easier to digest and release fatty acids than the whole
milk fat ice cream, which was more conducive to the intake of nutrients by the human

body.
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Figure 5. Effects of different SOB substitution amounts on digestive properties of ice cream, they
should be listed as: (A) average particle size; (B) free fatty acid; (C) protein digestibility; (D) not
digested; (E) digestive in artificial saliva for 5 min; (F) digestive in artificial gastric juice for 60 min;
(G) digestive in artificial intestinal juice for 120 min.

3.13. Protein Digestibility of Ice Cream In Vitro Digestion

The protein digestibility of ice cream in vitro digestion was shown in Figure 5C. With
the increase of digestion time, the digestibility of protein increased significantly and the
protein digestibility of samples in intestinal juice was significantly higher than that in
gastric juice. This may be due to the fact that trypsin in intestinal juice is more likely to
break peptide bonds than pepsin in gastric juice [51]. This result was consistent with the
decreased protein molecular weight after simulated gastric and intestinal digestion shown
in Figure 5FG. Furthermore, in addition, the protein digestibility of ice cream samples
increased significantly with the SOB substitution and they were higher than that of full
milk fat ice cream, which may be due to the difference in the composition of SOB and
milk fat globule surface proteins, that is, SOB surface proteins are more easily hydrolyzed
by protease than milk fat globule surface proteins. Moreover, it may also be because
the ice cream with SOB substitution had a smaller particle size, so the droplet surface
protein had a larger contact surface area with the protease, thus improving the protein
digestibility [49]. Therefore, the results showed that the ice cream prepared with SOB as a
milk fat substitute was easier to digest than the protein in full milk fat ice cream, which had
a positive contribution to the digestion and absorption of ice cream by the human body.
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4. Conclusions

This study provided new insights into ice cream prepared with SOB as a milk fat
substitute. SOB substitution for milk fat not only decreased the content of saturated fatty
acids in ice cream, but also improved the quality defects of ice cream products caused
by the poor stability of milk fat at low temperatures. SOB substitution for 40-50% milk
fat could improve the stability of ice cream by increasing the apparent viscosity and
decreasing the particle size of the ice cream mixes, which made the ice cream form the
desired quality. Therefore, ice cream prepared substitution 40-50% SOB for milk fat had
ideal physicochemical properties and potential biological activity. Among them, the ice
cream prepared substitution 40% SOB for milk fat had the best sensory acceptability and
had the potential for practical application. This study provided a significant theoretical
underpinning for the application of SOB in dairy products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11101504/s1, Table S1: Sensory scoring standard.
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