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Abstract: Using natural multi-function phytochemicals could be one of the best solutions for clean-
label production. In this study, dairy ice creams were prepared containing 14% egg yolk and 0.1% of
thymol (THY), trans-cinnamaldehyde (TC), menthol (MEN), or vanillin (VAN). Then, the physical,
chemical, and structural characteristics were evaluated. Magnetic resonance imaging (MRI) analysis
(a rapid, chemical-free, and non-invasive tool) was carried out to evaluate the water distribution.
A multivariate analysis was conducted among all studied variables. According to the results, the
overrun of the MEN ice cream was significantly increased as compared to the control sample. The
density was also reduced in the MEN sample. Meanwhile, the spreadability (%) of VAN was
significantly increased after 6 min as compared to the control treatment. MRI analysis revealed that
water distribution was significantly changed in the THY group. The firmness and viscosity of THY
samples were significantly increased (p < 0.05). Multivariate analysis indicated that viscosity index
and consistency were the top parameters affected by THY. The authors concluded that THY and
VAN are promising stabilizers for ice-cream clean production.

Keywords: bioactive molecules; egg yolk; ice cream structure; multivariate analysis models; trans-
cinnamaldehyde; thymol

1. Introduction

Using proper stabilizers is one of the major challenges in the ice cream industry be-
cause of the difficulty to enhance the texture properties with a single stabilizer. Moreover,
selecting and applying the proper amount of stabilizers in ice cream formulation depends
upon the total solids and fat levels of the mass [1]. However, the use of food ingredients
(such as stabilizers) is being reconsidered in order to provide final products with a clean
label. The term “clean label” is defined by the International Institute of Food Technolo-
gists (IFT, Chicago, IL, U.S.) as a product that adds or mixes the fewest ingredients and
makes sure that those items are recognized as healthy home ingredients by consumers [2].
Likewise, Maruyama et al. [3] stated that a “clean label” food is a food product graded
as “natural” and/or “organic” (such as using natural production methods) that takes into
account health-related concerns.
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As a multifunctional agent, egg yolk has a significant effect on ice cream texture,
i.e., enhancing water retention and viscosity that prevent ice cream separation [4]. In
addition, the yolk contains several components with emulsifying properties, especially
lecithin (9%) [5]. Additionally, trans-cinnamaldehyde, thymol, menthol, and vanillin could
be used as natural ingredients because these compounds are generally recognized as safe
materials (GRAS) by the U.S. Food and Drug Administration [6]. These ingredients are
generally used in the ice cream industry for increasing sensory quality (taste, smell, and
mouthfeel, for instance) [7]. In addition, a recent study proved the significant effects of
these phytochemicals (e.g., THY and VAN), on the stability, size, charge, and rheological
properties of emulsions [8]. These compounds improved physical and oxidative stability
during storage as compared to the commercial stabilizer “Purity Gum 2000”. This effect
was explained by the low molecular weight and density of these compounds that influence
the properties of stabilizer ingredients in foods such as dairy and egg products [9,10].

Using multivariate analysis to solve the problems related to specialized computer soft-
ware has become one of the promising approaches in agricultural product evaluation and
characterization [11,12]. Additionally, the use of spectroscopic analysis such as magnetic
resonance imaging (MRI) as a rapid, chemical-free, and non-invasive tool can be used to
characterize and generate images of the internal water distribution state, mobility, and
changes in food products by clear visual images of frozen hydrocolloid samples such as
stored noodles [13]. However, more reliable information should be obtained by correlat-
ing it with chemical and chemometric analyses for verification of the bands’ relationship
with the standard chemical methods, where the concentration of a complex compound is
determined by the synergistic combination of multiple bands [14].

Several analyses can be used to evaluate the physical and chemical changes and
problems in the ice cream industry. For instance, overrun (%) is one of the most important
factors correlated with ice cream texture properties. The differences in the ice cream
texture and rheological characteristics could be due to crosslink protein interactions and
changes in its dairy and yolk protein structures [4,15]. Gouda et al. [12] mentioned that
multivariate chemometrics models could be the best solution in solving the large amount
of data generated from physicochemical methods by the synergistic combination of these
different methods. As an experimental example, the use of proper stabilizers is one of the
biggest problems in the ice cream industry.

This study aimed to evaluate the physical and structural effects of four safe natural
alternatives to the synthetic substances representing mono-terpenes and phytochemical
groups (thymol as phenol, trans-cinnamaldehyde as phenyl aldehyde, menthol as cyclic
alcohol, and vanillin as phenol-aldehyde) mixed with egg yolk in producing different
types of dairy ice cream products. Firmness, consistency, cohesiveness, viscosity, yield
stress, microstructure by MRI, overrun, density, spreadability, and color characteristics
were evaluated to provide evidence of their applicability as an alternative stabilizer in the
design of ice cream formulations and consider their positive effects in the production of ice
cream. In addition, a multivariate analysis of data was carried out to evaluate the physical
and structural effects, providing evidence of integrating these analytical methods in the
field of ice cream engineering.

2. Materials and Methods
2.1. Materials

Grade A eggs were purchased from the Huazhong Agricultural University (Wuhan,
China), 3.5% fat milk was purchased from Weidendorf Ltd. (Bayern, Germany), and 35%
fat whipping cream was purchased from Nestle Co. Ltd. (Frankfurt, Germany). Gelatin
was purchased from Henan En Mian Food Co. Ltd. (Henan, China) and sucrose fine sugar
powder was purchased from Guangdong Xiang Food Co. Ltd. (Taiwan, China). Thymol
(99%; PubChem CID:6989), and vanillin (99.5%; PubChem CID:1183) were purchased
from Sinopharm, Co. Ltd. (Shanghai, China), trans-cinnamaldehyde (98%; PubChem
CID:637511) was purchased from Aladdin Industrial Co. Ltd. (Shanghai, China) and



Foods 2021, 10, 1686 3 of 13

menthol (98%; PubChem CID:165675) was purchased from Tokyo Chemical Industry Co.
Ltd. (Tokyo, Japan).

2.2. Sample Preparation

The eggs were manually broken, and yolks were separated from the albumen. Each
yolk was carefully rolled on a filter paper (Whatman, Maidstone, UK) to remove traces
of albumen that adhered to the vitelline membrane. The vitelline membrane was then
disrupted with a scalpel blade, and the yolk was collected in a cooled beaker. Five egg yolk
mixtures were prepared following the protocol indicated by Gouda et al. [16] as the highest
concentration that has a significant impact on yolk physicochemical structure: control (egg
yolk without any additive), TC (0.1% of trans-cinnamaldehyde in egg yolk), THY (0.1%
of thymol in egg yolk), MEN (0.1% of menthol in egg yolk), or VAN (0.1% of vanillin in
egg yolk).

For ice cream preparation, concentrations of the following materials were used: 35%
milk (3.5% fat), 35% cream (35% fat), 15% sugar, 14% egg yolk mixture, and 1% gelatin [17].
Milk, cream, and gelatin were mixed and warmed up to 80 ◦C. Concomitantly, egg yolk
mixtures were mixed with sugar using a lab mixer (MX-F, Sci-LOGEX, Beijing, China).
Then, all ingredients were mixed in the mixer and pasteurized at 80 ◦C for 60 s, with a
magnetic stirrer/heater (LL-LE10SH4C, LLES Inc., Mississauga, ON, Canada), and after
that were rapidly homogenized at 12,000 rpm at 5 ◦C in a homogenizer (FJ-200, Shanghai
Specimen and Manufactory, Shanghai, China). The mixed materials were aged overnight
at 4 ◦C and then poured into the ice cream mixer (ICM-700, Fuxin Co., Beijing, China) for
2 h under −7 ◦C. Finally, the aged and processed samples from the ice cream mixer were
kept at −17 ◦C for 24 h before the analyses.

2.3. Texture Properties Analysis (TPA)

An aliquot of 100 g from the control and prepared ice cream samples was put in a
standard-size back extrusion container (50 mm diameter) for measuring the texture by
TA-XT-Plus texture analyzer (Stable Microsystems, Surrey, UK). Compression test was
carried out with a load cell of 5000 g, and 35 mm diameter cylindrical probe was used a
texture profile analysis and a pre-speed of 2 mm/s, test-speed of 2 mm/s, penetration depth
15 mm, and trigger force 5.0 g to characterize 80 g of samples. Firmness, cohesiveness,
consistency, and index of viscosity were calculated from the TPA software system. The
average value of three replications was used for the data analysis [17].

2.4. Rheological Properties Analysis

Rheological measurements were carried out according to the flow behavior of the
samples after 60 min at 5 ◦C by using a discovery hybrid rheometer (DHA-2000, TA
Instruments, New Castle, DE, USA) with a parallel geometry sensor (60 mm diameter,
2.0◦ cone plate, Peltier plate Aluminum) and 1 mm gap following the method of Gouda
et al. [10] with some modifications. In brief, the function of the shear rate from 0.1 to
100 s−1 was obtained for measuring viscosity and yield stress. The experimental time was
adjusted to 120 s. A total of 32 points was collected with linear distribution and duplicates
presented differences lower than 10%. Data obtained were adjusted to the Power law and
Herschel–Bulkley models by using Trios Software Version: 3.1.0.3538.

2.5. Magnetic Resonance Imaging (MRI)

MRI was used to analyze the internal water distribution state, mobility, and changes
of the ice cream samples by an imaging system [18]. The experiment was performed by
using NMI20-015V-I equipment (Niumag Co., Shanghai, China). A good signal-to-noise
ratio was achieved with four accumulations. Aliquots of 2 g from samples were placed
in the instrument tube and kept at −20 ◦C for 16 h. After that, the ice cream sample
measurements were performed directly at 0 min and the same sample was measured again
after 6 min of incubation at 32 ◦C.



Foods 2021, 10, 1686 4 of 13

The experimental conditions were: FOV of 100 mm/100 mm, width of slice of 2.5 mm,
gap of 0.5 mm, no. 4, size of reading of 256, size of phase of 192, T1 weighted image
TE of 19 ms and TR of 300 ms, and T2 weighted image TE of 50 ms and TR of 1600 ms.
Three layers of images of each sample are taken (high layer, middle layer, and low layer).
The gradient colors from blue and red represent the highest amplitude whereas orange
color represents the lowest amplitude. The surface water is characterized by higher
amplitudes colors.

2.6. Overrun Analysis

Overrun was determined according to the method described by Adhikari et al. [19].
First, 100 mL of ice cream mixtures were weighed, and the same volume was weighed again
after the ice cream-making process. Overrun (%) measurements were taken in triplicate
and calculated using the Equation (1):

Overrun(%) =
MW − IW

IW
∗ 100 (1)

where MW is the mixture weight and IW is the ice cream weight for the same sample.

2.7. Density Analysis

Density was determined according to the modified method described by Pourashouri
et al. [20]. First, a fixed volume of ice cream mixtures was weighed, and the same volumes
were weighed again after the ice cream-making process. Density measurements were taken
in triplicate using the Equation (2):

Density
( g

cm3

)
=

Sample weight (g)
Sample volume (cm3)

(2)

2.8. Spreadability Analysis

A weight of 20 g from the ice cream samples was placed separately on plastic cubes
of 2 × 2 × 2 cm3. Then the samples were frozen at −20 ◦C for 12 h. Then, the plastic
containers were placed in a tray along with a 30 cm rule. The ice cream cube samples were
put next to a ruler with a lab glass plate and a weight of 100 g on top at 21 ◦C. After that,
the diameter of the examined samples was taken every 2 min for 12 min, six times for each
ice cream treatment [21].

2.9. Color Analysis

The color of the samples was expressed using the CIELAB system: L* (lightness,
whiteness or brightness), a* (redness or greenness), and b* (yellowness or blueness) [16].
The measurements were performed using an automatic color chroma meter (CR-400/410,
Konica Minolta Sensing Inc., Tokyo, Japan). A fixed amount, about 15 mL, of samples was
poured into the measurement cell. Three replicates of each sample were measured.

2.10. Statistical Analysis

Data statistical analyses was performed using SPSS 16.0 (IBM, New York, NY, USA),
Origin 2021 (Northampton, MA, USA), MetaboAnalyst software (MetaboAnalystR, Ed-
monton, AB, Canada), and Matlab R2017b (MathWorks, Natick, MA, USA). Principal
component analysis (PCA) and other multivariate discriminant analyses (DA) were ana-
lyzed using the Partial Least Squares (PLS) model. Clustering of treatments was assessed
with PCA score plots and heatmeat projections. The relevance of each analysis in the exper-
imental data variance was evaluated using the variable importance in the projection (VIP).
The different colored boxes in the heatmap and the VIP represent significant differences
(p-value ≤ 0.05) [11]. Analysis of variance (ANOVA) was applied with p-value < 0.05.
The least significant differences (LSD) and Duncan tests were used to determine signifi-
cant differences among the tested samples, in which, mean ± SD with different Roman
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alphabet superscripts indicates that the values differ significantly (p-value ≤ 0.05) and
(a < b < c < d . . . ). In addition, * and ** asterisks were used as the column differs signifi-
cantly (p ≤ 0.05) and (p ≤ 0.01), respectively). The Pearson correlation coefficients (r2) for
the relationships between the properties were also calculated.

3. Results and Discussion
3.1. Texture Properties

Ice cream texture properties are the most important parameters in the dairy indus-
try [22]. The effect of egg mixtures in ice cream texture values is shown in Figure 1. In
the THY group, firmness value (457.00 ± 53.56 g) was significantly increased (p < 0.05) as
compared to the control (135.85 ± 27.61 g). El-Sayed et al. [9] mentioned that the significant
enhancement in dairy ice cream texture properties is due to the interactions between the
phenol ring and ice cream proteins. The potential mechanism could be from the complex
structure of these molecules’ rings (such as THY phenolic ring) with yolk phospholipids
and milk casein protein cross-links that mainly improve their hydrophobic interactions
and the physicochemical characteristics such as texture and its stability as mentioned by
Gabbi et al. [23].

Figure 1. Texture properties of the different mixtures of TC, THY, MEN, or VAN egg yolk ice creams.
(a) Firmness, (b) Consistency, (c) Cohesiveness, (d) Index of viscosity. *, **: The column differs
significantly ((p ≤ 0.05) and (p ≤ 0.01), respectively).

THY treatment showed the highest values (p < 0.05) in the cohesiveness
(369.69 ± 30.64 g) (Figure 1c) and consistency (1553.58 ± 150.75 g·s; Figure 1b), as compared
to the control with 88.56 ± 14.38 g and 573.92 ± 102.46 g·s, respectively. The same behavior
was observed in firmness and Index of viscosity (Figure 1a,d).

The increase in THY and VAN cohesiveness and consistency might be due to the
changes in the hydrophobic core of yolk granular molecules in the ice cream. Moreover, the
increase in texture levels of ice cream is generally related to the reduction in the growth rate
of ice crystals in the ice cream [19]. Jardines et al. [22] reported that thermal properties (such
as melting rate and spreadability) are correlated with textural properties wherein sample
resistance to the compression process is proportional to ice cream temperature stability.

3.2. Rheological Properties

The effects of TC, THY, MEN, or VAN on the ice cream rheological properties such
as viscosity and stress yield are shown in Table 1. All the presented samples have shown
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non-Newtonian behavior in the studied range of shear rate. Therefore, two models of
calculations, the Power-law model and Herschel–Bulkley model, were used to calculate
the viscosity and rate index.

Table 1. Rheological results of TC, THY, MEN or VAN egg yolk ice creams in mixtures and after
ice-cream process.

Power Law Model Herschel-Bulkley Model

Treatments Viscosity
(Pa·s) Rate Index Yield Stress

(Pa)
Viscosity

(Pa·s) Rate Index

Control 21.24 ± 0.15 b 0.22 ± 0.04 a 20.47 ± 6.08 ab 1.27 ± 0.18 a 0.76 ± 0.25 a

TC 14.86 ± 0.93 a 0.31 ± 0.00 b 16.56 ± 1.03 a 1.76 ± 0.08 b 0.90 ± 0.00 a

THY 27.92 ± 5.25 c 0.24 ± 0.00 a 30.88 ± 5.80 c 2.36 ± 0.44 c 0.90 ± 0.00 a

MEN 15.68 ± 1.24 a 0.30 ± 0.01 b 17.46 ± 1.37 a 1.84 ± 0.00 b 0.90 ± 0.00 a

VAN 24.10 ± 3.90 bc 0.23 ± 0.02 a 26.59 ± 4.17 bc 1.89 ± 0.05 b 0.90 ± 0.00 a

Mean ± SD with different Roman superscripts within the same column indicate that the values differ significantly
(p ≤ 0.05).

According to the Power-law model, the viscosity of the THY group was significantly
(p < 0.05) increased (27.92 ± 5.25 Pa·s) as compared to the control (21.24 ± 0.15 Pa·s).
Conversely, the viscosity of the MEN group was significantly decreased to 15.68 ± 1.24 Pa·s
in relation to the control sample. Moreover, a high positive correlation (r2 = 0.90) was found
between the Index of viscosity and cohesiveness.

According to the Herschel–Bulkley model, the yield stress of the THY group was signif-
icantly (p < 0.05) increased (30.88 ± 5.80 Pa·s) as compared to the control (20.47 ± 6.08 Pa·s).
Differently, the viscosity of the MEN group was significantly decreased (17.46 ± 1.37 Pa·s).
Additionally, a positive correlation (r2 = 0.77) was found between stress yield and consis-
tency. Anjo et al. [24] reported that adding additives to ice cream products that can change
the gel-like protein networks would modify ice cream rheology and pseudo-plasticity.
Consequently, a positive impact on its texture properties could be observed. Moreover,
in our recent studies, THY and VAN showed a significant improvement in the physico-
chemical structure of biological media due to changes in the secondary protein structure,
consequently changing the media functionality [12,16]. In addition, Jardines et al. [22]
reported that the increase in apparent viscosity could be explained by the interactions of
sugars and the liquid components of the ice cream mix. This effect is caused by both the
contribution of soluble solids to the aqueous phase and by enhancing the water-binding
ability of the macromolecules such as the available proteins and carbohydrates, which
form a gel-like structure that modifies the viscosity mix and the ice cream stability. Such
rheological properties are also affected by the formed ice crystals size and distribution, and
the extent of fat deterioration.

3.3. Magnetic Resonance Imaging (MRI)

The visualization of MRI images is presented in Figure 2. In the TC freezing state
(0 min), it was observed that the thickness of the outside sphere (representing the distri-
bution of the water phase) was larger than observed for the control samples (Figure 2).
However, after 6 min of incubation at 32 ◦C, the distribution of oil and water changed, and
some low-density compounds remained in the middle and lower layers. Particularly for the
THY group in the freezing state, the distribution of oil and water changed in comparison
to the control. In addition, it was found that water was in the center of the middle and
lower layers. However, a low water content was observed in the upper layer of the THY
sample. After 6 min of incubation at 32 ◦C, the distribution of oil and water did not change,
and this sample was more stable than the control and the TC groups. Additionally, some
low-density compounds remained in the middle and lower layers as a good indication of
the sample’s stability, which supports the stability of the ice cream treatment under 32 ◦C.
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Figure 2. MRI images of TC, THY, MEN, or VAN egg yolk ice creams at 0 min/−20 ◦C and after
6 min/32 ◦C.

This behavior can be explained by the ability of thymol to enhance the emulsifica-
tion capacity of egg yolk. This effect was attributed to the hydrophobic core changes in
ice cream macromolecules. Therefore, the increasing viscosity effect of THY group was
more consistent and produced thick non-absorbing layers, which can be justified by the
rheology and texture measurements. Develioglu et al. [25] reported that a high intrinsic
viscosity leads to a high hydrodynamic volume, which increases the stability of ice cream.
Furthermore, Cheng et al. [26] mentioned that MRI is an effective tool to study the real-time
fluid distribution in the natural core. It can explain the changes in the ice cream layers’
physical characteristics during the melting process, resulting in different physicochemical
discrimination among ice cream samples.

3.4. Overrun Evaluation

The overrun represents the air content in ice cream, which is an important indicator
that affects the melting behavior, structure, texture, and sensory properties of ice cream [27].
The results of TC, THY, MEN, or VAN treatments on the ice cream overrun are presented
in Figure 3a. Only MEN overrun value (32.25 ± 7.98%) was significantly (p < 0.05) higher
than observed for the control sample (16.61 ± 2.39%). The authors of [28] proved that the
high viscosity of ice cream mixtures may prevent a strong shakeup and air incorporation,
which prevents the increase in the air contents and overrun values. Therefore, the high
viscosity and texture of THY and VAN treatment (Table 1 and Figure 1a) might have
limited the formation of air bubbles, which affected the overrun [29]. In line with this
outcome, Yan et al. [27] mentioned that the viscosity rate has a noticeable effect on the
overrun values. However, in the case that the film rapidly drains among air bubbles, the
air bubbles coalesce [14], which may be the reason for the highest overrun value obtained
in the MEN group.
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Figure 3. (a) Overrun % of the different mixtures of TC, THY, MEN, or VAN egg yolk ice creams; (b), Spreadability patterns
of the different studied groups. Mean ± SD with different Roman alphabet and asterisk (*) indicate that the values differ
significantly (p-value ≤ 0.05; a < b < c) at the different columns and the same time (min).

A negative correlation (r2 = −0.65) was found between stress yield and overrun
(Figure 4d). Similarly, Adhikari et al. [19] mentioned that the overrun is negatively corre-
lated with ice cream texture. This could be due to the presence of the larger volume of a
compressible dispersed part (e.g., the large ice crystals), which leads to less resistance to an
applied force.
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Figure 4. Multivariate analysis, and correlations of TC, THY, MEN, or VAN egg yolk ice cream physicochemical analyses;
(a) Principle component analysis (PCA) scores; (b) Variable importance in projection (VIP) classification by PLS-DA for the
entire analyses; (c) Clustering results shown as heatmap; the colored boxes on the right indicate the relative intensity for the
species; (d) Correlation (r2) summarization between the full the physicochemical parameters.

3.5. Density Results

The density results of mixtures and ice cream samples are shown in Table 2. It was
observed that density decreased after the ice cream formation stage. For the density of the
mixtures, VAN group density was significantly (p < 0.05) decreased (0.84 ± 0.03 g/cm3)
as compared to the control (0.94 ± 0.01 g/cm3). However, the density of the ice cream
in the MEN group was significantly decreased to 0.71 ± 0.00 g/cm3 as compared to the
control (0.81 ± 0.02 g/cm3). Ismail et al. [30] mentioned that ice cream density is affected
by the incorporation of air in the ice cream mixture during the pre-freezing process, which
decreases the specific gravity of the resultant ice cream. This may be due to the specific
gravity of formula components in addition to the mixture’s ability to hold the air bubbles.
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Therefore, the density is significantly correlated with the viscosity and significantly affects
the air content of ice cream products [20].

Table 2. Density results of TC, THY, MEN or VAN egg yolk ice creams in mixtures and after ice
cream process.

Groups Mixture Density (g/cm3) Ice Cream Density (g/cm3)

Control 0.94 ± 0.01 b 0.81 ± 0.02 b

TC 0.92 ± 0.01 b 0.81 ± 0.01 b

THY 0.97 ± 0.01 b 0.84 ± 0.04 c

MEN 0.94 ± 0.06 b 0.71 ± 0.00 a

VAN 0.84 ± 0.03 a 0.77 ± 0.01 b

Mean ± SD with different Roman superscripts within the same column indicate that the values differ significantly
(p ≤ 0.05).

3.6. Spreadability Results

As seen in Figure 3b, the spreadability of the TC, THY, MEN and VAN groups was
significantly different (p < 0.05) from the control. After 2 min, the control group was
significantly higher (p < 0.05) than other groups. While after 4 min, all five groups had
no significant differences among them. After 6 min, significant differences among groups
were observed, but the THY and TC groups had similar spreadability in comparison to the
control ice cream.

The spreadability of the MEN and VAN groups was significantly (p < 0.05) higher than
that observed in the control sample until 12 min. These results are negatively attributed
(r2 = −0.80) to the results of ice cream density (Figure 4d). Therefore, the increase in the
ice cream density decreased the spreadability of the ice cream. These observations are
in agreement with Fiol et al. [21], who reported that spreadability is correlated with the
overall stability of the ice cream.

3.7. Color Properties

The variation in color parameters, lightness (L*), redness (a*) and yellowness (b*) is
shown in Table 3. The addition of menthol and trans-cinnamaldehyde significantly (p < 0.05)
increased the lightness of the ice cream in comparison to the control samples. Regarding the
yellowness, the b* values for the MEN and VAN treatments were significantly lower than
those obtained from the control (22.46 ± 0.76, 23.18 ± 0.59, and 25.44 ± 0.48, respectively).
One possible explanation for changes in the color parameters (especially for yellowness) is
due to the fact that surface hydrophobicity changes with the amount of fat in the surface,
which has the majority of yolk hydrophobic pigments in the ice cream [16,31].

Table 3. Color results of TC, THY, MEN or VAN egg yolk ice creams in mixtures and after ice cream process.

Treatments L* a* b* ∆L* ∆a* ∆b*

Control 80.24 ± 0.06 b 1.90 ± 0.05 b 25.44 ± 0.48 cd 54.84 ± 0.06 c 1.60 ± 0.05 b 23.25 ± 0.54 cd

TC 80.40 ± 0.12 c 1.56 ± 0.06 a 25.83 ± 0.69 d 54.99 ± 0.12 d 1.26 ± 0.06 a 23.68 ± 0.69 d

THY 79.50 ± 0.03 a 2.20 ± 0.10 c 24.40 ± 0.85 bc 54.10 ± 0.03 a 1.90 ± 0.10 b 22.26 ± 0.84 bc

MEN 80.88 ± 0.10 d 1.95 ± 0.08 b 22.46 ± 0.76 a 55.47 ± 0.10 e 1.65 ± 0.08 b 20.31 ± 0.76 ab

VAN 79.65 ± 0.08 a 1.84 ± 0.06 b 23.18 ± 0.59 ab 54.25 ± 0.08 b 1.54 ± 0.06 b 21.03 ± 0.58 a

Mean ± SD with different Roman superscripts within the same column indicate that the values differ significantly (p ≤ 0.05).

3.8. Multivariate Analysis

The principal component analysis (PCA) among all studied groups is presented in
Figure 4a, and the differences among groups were evaluated according to the contribution
rate of PC factors [6,32]. THY and TC were significantly (p < 0.05) different from the
control. Meanwhile, from VIP and heatmap (Figure 4b,c), it was found that viscosity index,
cohesiveness, and consistency were the top affected parameters with the highest influences
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on the THY group as compared to the control. Also, the VIP multivariate model indicated
that THY and VAN significantly (p < 0.05) increased the cohesiveness and consistency of ice
cream (Figure 4b). This outcome can be attributed to the significant effect of mono-terpenes
in THY group in changing the secondary protein structure and the oil-to-water distribution
in the biological media [12].

Figure 4d represents the correlations (r2) heatmap among all studied parameters. A
positive correlation (r2 = 0.75) was found between L* value and overrun. The b* value
was negatively correlated (r2 = −0.93) with spreadability after 8 min to 12 min (Figure 4d).
Moreover, a high positive correlation (r2 = 0.90) was found between the Index of viscosity
and cohesiveness. Our results are in agreement with Harlina et al. [33], who found a
significant influence of eugenol (terpene) on egg PCA due to its effect on lipid construction
and the enzymatic pathways and the lipoxygenases. Additionally, our results confirm
that the granular protein structure has an effect on system behavior. Therefore, THY
significantly increased the share rate and texture of ice cream. This effect can be explained
by the changes in the diameter size and the hydrophobic core of yolk granular molecules
in the ice cream, which negatively affected lightness [34].

4. Conclusions

In this study, four bioactive compounds with egg yolk (TC, THY, MEN, and VAN)
were evaluated for obtaining a high-quality ice cream product. These four compounds
showed different effects on the functional properties of ice creams. Different significant
responses were observed in the following analyses (overrun, density, firmness, consistency,
cohesiveness, viscosity, yield stress, color, spreadability, and microstructure influences by
MRI). Therefore, it can be concluded that natural phytochemicals (especially THY and
VAN) can play an important role with egg yolk as a natural stabilizer in the design of
ice cream formulations. The advances in the pretreatment with bioactive terpenes for ice
cream production came from the changes in the yolk functionality, which can direct the
production without any further chemical or physical assistance. This study can support the
applicability of natural bioactive molecules as a simple “clean label” strategy. Furthermore,
large-scale studies are needed to optimize the used formulations together with the other
processing conditions in view of their industrial applications.

Author Contributions: Conceptualization, M.G.; methodology, M.G.; validation, Y.H., M.M., and
X.L.; formal analysis, M.G.; investigation, M.G., L.S. and Y.L.; resources, L.S. and Y.L.; data curation,
M.G.; writing—original draft preparation, M.G.; writing—review and editing, M.G., R.M.A., Y.H.,
M.M., X.L., P.E.S.M. and J.M.L.; supervision, Y.H., M.M. and X.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Talent Introduction International Program, Office of China
Postdoc Council (OCPC) for the first author (Mostafa Gouda), grant number (238346); National
Natural Science Foundation of China, grant number (31701622); and National Key Research and
Development Program of China, grant number (2018YFD0700500). Thanks also to GAIN (Axencia
Galega de Innovación) for supporting this publication, grant number (IN607A2019/01).

Acknowledgments: The authors acknowledge all the funding agencies include the Office of China
Postdoc Council (OCPC), National Natural Science Foundation of China, National Key Research and
Development Program of China and GAIN for supporting this publication.

Conflicts of Interest: The authors declare no conflict of interest.



Foods 2021, 10, 1686 12 of 13

References
1. Góral, M.; Kozłowicz, K.; Pankiewicz, U.; Góral, D.; Kluza, F.; Wójtowicz, A. Impact of stabilizers on the freezing process, and

physicochemical and organoleptic properties of coconut milk-based ice cream. LWT 2018, 92, 516–522. [CrossRef]
2. Asioli, D.; Aschemann-Witzel, J.; Caputo, V.; Vecchio, R.; Annunziata, A.; Næs, T.; Varela, P. Making sense of the “clean label”

trends: A review of consumer food choice behavior and discussion of industry implications. Food Res. Int. 2017, 99, 58–71.
[CrossRef]

3. Maruyama, S.; Streletskaya, N.A.; Lim, J. Clean label: Why this ingredient but not that one? Food Qual. Prefer. 2021, 87, 104062.
[CrossRef]

4. Fei, T.; Leyva-Gutierrez, F.M.A.; Wan, Z.; Wang, T. Gelation inhibiting additives and freezing impact rheological, thermal, and
microstructural properties of yolk. LWT 2021, 144, 111160. [CrossRef]

5. Bai, X.; Gao, J.; Yang, Y.; Zhu, W.; Fan, J. Effects of drying methods on the structure and emulsifying capacity of egg yolk lecithin.
Int. J. Agric. Biol. Eng. 2020, 13, 238–244. [CrossRef]

6. Gouda, M.; Ma, M.; Sheng, L.; Xiang, X. SPME-GC-MS & metal oxide E-Nose 18 sensors to validate the possible interactions
between bio-active terpenes and egg yolk volatiles. Food Res. Int. 2019, 125, 108611. [CrossRef] [PubMed]

7. Guo, E.; Kazantsev, D.; Mo, J.; Bent, J.; Van Dalen, G.; Schuetz, P.; Rockett, P.; StJohn, D.; Lee, P.D. Revealing the microstructural
stability of a three-phase soft solid (ice cream) by 4D synchrotron X-ray tomography. J. Food Eng. 2018, 237, 204–214. [CrossRef]

8. Sharif, H.R.; Williams, P.A.; Sharif, M.K.; Khan, M.A.; Majeed, H.; Safdar, W.; Shamoon, M.; Shoaib, M.; Haider, J.; Zhong, F.
Influence of OSA-starch on the physico chemical characteristics of flax seed oil-eugenol nanoemulsions. Food Hydrocoll. 2017, 66,
365–377. [CrossRef]

9. El-Sayed, S.M.; Youssef, A.M. Potential application of herbs and spices and their effects in functional dairy products. Heliyon
2019, 5, e01989. [CrossRef]

10. Gouda, M.; Zhang, S.; Liu, Y.; Sheng, L.; Ma, M. Effects of four natural antioxidant phenyl terpenes on emulsifying and rheological
properties of egg yolk. LWT Food Sci. Technol. 2017, 83, 59–67. [CrossRef]

11. Gouda, M.; Chen, K.; Li, X.; Liu, Y.; He, Y. Detection of microalgae single-cell antioxidant and electrochemical potentials by
gold microelectrode and Raman micro-spectroscopy combined with chemometrics. Sens. Actuators B Chem. 2021, 329, 129229.
[CrossRef]

12. Gouda, M.; Huang, Z.; Liu, Y.; He, Y.; Li, X. Physicochemical impact of bioactive terpenes on the microalgae biomass structural
characteristics. Bioresour. Technol. 2021, 334, 125232. [CrossRef] [PubMed]

13. Liang, Y.; Qu, Z.; Liu, M.; Zhu, M.; Zhang, X.; Wang, L.; Jia, F.; Zhan, X.; Wang, J. Further interpretation of the strengthening effect
of curdlan on frozen cooked noodles quality during frozen storage: Studies on water state and properties. Food Chem. 2021, 346,
128908. [CrossRef] [PubMed]

14. Chen, W.; Liang, G.; Li, X.; He, Z.; Zeng, M.; Gao, D.; Qin, F.; Goff, H.D.; Chen, J. Effects of soy proteins and hydrolysates on fat
globule coalescence and meltdown properties of ice cream. Food Hydrocoll. 2019, 94, 279–286. [CrossRef]

15. Kaleda, A.; Tsanev, R.; Klesment, T.; Vilu, R.; Laos, K. Ice cream structure modification by ice-binding proteins. Food Chem. 2018,
246, 164–171. [CrossRef] [PubMed]

16. Gouda, M.; Zu, L.; Ma, S.; Sheng, L.; Ma, M. Influence of bio-active terpenes on the characteristics and functional properties of
egg yolk. Food Hydrocoll. 2018, 80, 222–230. [CrossRef]

17. Javidi, F.; Razavi, S.M.A.; Behrouzian, F.; Alghooneh, A. The influence of basil seed gum, guar gum and their blend on the
rheological, physical and sensory properties of low fat ice cream. Food Hydrocoll. 2016, 52, 625–633. [CrossRef]

18. Geng, S.; Wang, H.; Wang, X.; Ma, X.; Xiao, S.; Wang, J.; Tan, M. A non-invasive NMR and MRI method to analyze the rehydration
of dried sea cucumber. Anal. Methods 2015, 7, 2413–2419. [CrossRef]

19. Adhikari, B.M.; Truong, T.; Prakash, S.; Bansal, N.; Bhandari, B. Impact of incorporation of CO2 on the melting, texture and
sensory attributes of soft-serve ice cream. Int. Dairy J. 2020, 109, 104789. [CrossRef]

20. Pourashouri, P.; Shabanpour, B.; Razavi, S.H.; Jafari, S.M.; Shabani, A.; Aubourg, S.P. Oxidative stability of spray-dried
microencapsulated fish oils with different wall materials. J. Aquat. Food Prod. Technol. 2014, 23, 567–578. [CrossRef]

21. Fiol, C.; Prado, D.; Romero, C.; Laburu, N.; Mora, M.; Iñaki Alava, J. Introduction of a new family of ice creams. Int. J. Gastron.
Food Sci. 2017, 7, 5–10. [CrossRef]

22. Jardines, A.P.; Arjona-Román, J.L.; Severiano-Pérez, P.; Totosaus-Sánchez, A.; Fiszman, S.; Escalona-Buendía, H.B. Agave fructans
as fat and sugar replacers in ice cream: Sensory, thermal and texture properties. Food Hydrocoll. 2020, 108, 106032. [CrossRef]

23. Gabbi, D.K.; Bajwa, U.; Goraya, R.K. Physicochemical, melting and sensory properties of ice cream incorporating processed
ginger (Zingiber officinale). Int. J. Dairy Technol. 2018, 71, 190–197. [CrossRef]

24. Anjo, F.A.; Saraiva, B.R.; Da Silva, J.B.; Ribeiro, Y.C.; Bruschi, M.L.; Riegel-Vidotti, I.C.; Simas, F.F.; Matumoto-Pintro, P.T. Acacia
mearnsii gum: A residue as an alternative gum Arabic for food stabilizer. Food Chem. 2021, 344, 128640. [CrossRef] [PubMed]

25. Develioglu, I.A.; Ozel, B.; Sahin, S.; Oztop, M.H. NMR Relaxometry and magnetic resonance imaging as tools to determine
the emulsifying characteristics of quince seed powder in emulsions and hydrogels. Int. J. Biol. Macromol. 2020, 164, 2051–2061.
[CrossRef] [PubMed]

26. Cheng, Y.C.; Di, Q.F.; Gu, C.Y.; Ye, F.; Hua, S.; Yang, P.Q. Visualization study on fluid distribution and end effects in core flow
experiments with low-field mri method. J. Hydrodyn. 2015, 27, 187–194. [CrossRef]

http://doi.org/10.1016/j.lwt.2018.03.010
http://doi.org/10.1016/j.foodres.2017.07.022
http://doi.org/10.1016/j.foodqual.2020.104062
http://doi.org/10.1016/j.lwt.2021.111160
http://doi.org/10.25165/j.ijabe.20201304.5648
http://doi.org/10.1016/j.foodres.2019.108611
http://www.ncbi.nlm.nih.gov/pubmed/31554071
http://doi.org/10.1016/j.jfoodeng.2018.05.027
http://doi.org/10.1016/j.foodhyd.2016.12.002
http://doi.org/10.1016/j.heliyon.2019.e01989
http://doi.org/10.1016/j.lwt.2017.04.075
http://doi.org/10.1016/j.snb.2020.129229
http://doi.org/10.1016/j.biortech.2021.125232
http://www.ncbi.nlm.nih.gov/pubmed/33965853
http://doi.org/10.1016/j.foodchem.2020.128908
http://www.ncbi.nlm.nih.gov/pubmed/33401084
http://doi.org/10.1016/j.foodhyd.2019.02.045
http://doi.org/10.1016/j.foodchem.2017.10.152
http://www.ncbi.nlm.nih.gov/pubmed/29291835
http://doi.org/10.1016/j.foodhyd.2018.02.009
http://doi.org/10.1016/j.foodhyd.2015.08.006
http://doi.org/10.1039/C4AY03007A
http://doi.org/10.1016/j.idairyj.2020.104789
http://doi.org/10.1080/10498850.2012.738357
http://doi.org/10.1016/j.ijgfs.2016.12.001
http://doi.org/10.1016/j.foodhyd.2020.106032
http://doi.org/10.1111/1471-0307.12430
http://doi.org/10.1016/j.foodchem.2020.128640
http://www.ncbi.nlm.nih.gov/pubmed/33229157
http://doi.org/10.1016/j.ijbiomac.2020.08.087
http://www.ncbi.nlm.nih.gov/pubmed/32800951
http://doi.org/10.1016/S1001-6058(15)60471-1


Foods 2021, 10, 1686 13 of 13

27. Yan, L.; Yu, D.; Liu, R.; Jia, Y.; Zhang, M.; Wu, T.; Sui, W. Microstructure and meltdown properties of low-fat ice cream: Effects of
microparticulated soy protein hydrolysate/xanthan gum (MSPH/XG) ratio and freezing time. J. Food Eng. 2021, 291, 110291.
[CrossRef]

28. Soukoulis, C.; Rontogianni, E.; Tzia, C. Contribution of thermal, rheological and physical measurements to the determination of
sensorially perceived quality of ice cream containing bulk sweeteners. J. Food Eng. 2010, 100, 634–641. [CrossRef]

29. Bahramparvar, M.; Goff, H.D. Basil seed gum as a novel stabilizer for structure formation and reduction of ice recrystallization in
ice cream. Dairy Sci. Technol. 2013, 93, 273–285. [CrossRef]

30. Ismail, H.A.; Hameed, A.M.; Refaey, M.M.; Sayqal, A.; Aly, A.A. Rheological, physio-chemical and organoleptic characteristics of
ice cream enriched with Doum syrup and pomegranate peel. Arab. J. Chem. 2020, 13, 7346–7356. [CrossRef]

31. Alfaifi, M.S.; Stathopoulos, C.E. Effect of egg yolk substitution by sweet whey protein concentrate (WPC), on physical properties
of Gelato ice cream. Int. Food Res. J. 2010, 17, 787–793.

32. Li, M.; Yang, R.; Zhang, H.; Wang, S.; Chen, D.; Lin, S. Development of a flavor fingerprint by HS-GC–IMS with PCA for volatile
compounds of Tricholoma matsutake Singer. Food Chem. 2019, 290, 32–39. [CrossRef] [PubMed]

33. Harlina, P.W.; Ma, M.; Shahzad, R.; Gouda, M.M.; Qiu, N. Effect of clove extract on lipid oxidation, antioxidant activity, volatile
compounds and fatty acid composition of salted duck eggs. J. Food Sci. Technol. 2018, 55, 4719–4734. [CrossRef]

34. Marcet, I.; Collado, S.; Paredes, B.; Díaz, M. Rheological and textural properties in a bakery product as a function of the
proportions of the egg yolk fractions: Discussion and modelling. Food Hydrocoll. 2016, 54, 119–129. [CrossRef]

http://doi.org/10.1016/j.jfoodeng.2020.110291
http://doi.org/10.1016/j.jfoodeng.2010.05.012
http://doi.org/10.1007/s13594-013-0122-9
http://doi.org/10.1016/j.arabjc.2020.08.012
http://doi.org/10.1016/j.foodchem.2019.03.124
http://www.ncbi.nlm.nih.gov/pubmed/31000053
http://doi.org/10.1007/s13197-018-3367-8
http://doi.org/10.1016/j.foodhyd.2015.09.023

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Texture Properties Analysis (TPA) 
	Rheological Properties Analysis 
	Magnetic Resonance Imaging (MRI) 
	Overrun Analysis 
	Density Analysis 
	Spreadability Analysis 
	Color Analysis 
	Statistical Analysis 

	Results and Discussion 
	Texture Properties 
	Rheological Properties 
	Magnetic Resonance Imaging (MRI) 
	Overrun Evaluation 
	Density Results 
	Spreadability Results 
	Color Properties 
	Multivariate Analysis 

	Conclusions 
	References

