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Preface to ”Processing Foods to Design Structures for
Optimal Functionality”

Foods are designed by nature through complex assembly of macromolecules that interact to

form hierarchical structures. These structures are transformed by processing. Traditional processing

of foods is designed to preserve, destroy, and re-create food structures to develop desirable food

products and functional food ingredients. For example, whole foods, such as meat, fish, nuts, fruits

and vegetables, undergo minimal processing in order to preserve the natural structures. On the other

hand, the controlled destruction of natural structures results in a variety of ingredients, including

starches, flours, oils, and protein isolates. These ingredients are then reassembled and transformed

into various fabricated foods. Interactions of food components and creation of an appropriate

structural characteristics are achieved through the processing operations, such as thermal treatment,

homogenisation, shear, as well as microbiological or biochemical transformations. In recent years,

these approaches have led to the concept of “food structure design” as a new way of guiding food

product development, particularly in relation to developing foods with reduced levels of fat, salt, and

sugar. Also efforts have been made in restructuring plant-based materials to develop meat and dairy

analogues with acceptable product functionality.

In this Special Issue, we have selected high quality papers that deal with understanding of the

impact of food processing and formulation on interactions and structures of food components and

how these structures/interactions influnce the functionality and acceptability of food products.

Alejandra Acevedo-Fani and Harjinder Singh

Editors
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3D Printing of Textured Soft Hybrid Meat Analogues
Tianxiao Wang 1,2 , Lovedeep Kaur 1,2,* , Yasufumi Furuhata 3, Hiroaki Aoyama 3 and Jaspreet Singh 1,2,*

1 School of Food and Advanced Technology, Massey University, Palmerston North 4442, New Zealand
2 Riddet Institute, Palmerston North 4442, New Zealand
3 Ajinomoto Co., Inc., Suzuki-cho 3-1, Kawasaki-ku, Kawasaki-shi 210-0801, Japan
* Correspondence: l.kaur@massey.ac.nz (L.K.); j.x.singh@massey.ac.nz (J.S.)

Abstract: Meat analogue is a food product mainly made of plant proteins. It is considered to be a
sustainable food and has gained a lot of interest in recent years. Hybrid meat is a next generation meat
analogue prepared by the co-processing of both plant and animal protein ingredients at different ratios
and is considered to be nutritionally superior to the currently available plant-only meat analogues.
Three-dimensional (3D) printing technology is becoming increasingly popular in food processing.
Three-dimensional food printing involves the modification of food structures, which leads to the
creation of soft food. Currently, there is no available research on 3D printing of meat analogues.
This study was carried out to create plant and animal protein-based formulations for 3D printing of
hybrid meat analogues with soft textures. Pea protein isolate (PPI) and chicken mince were selected
as the main plant protein and meat sources, respectively, for 3D printing tests. Then, rheology and
forward extrusion tests were carried out on these selected samples to obtain a basic understanding of
their potential printability. Afterwards, extrusion-based 3D printing was conducted to print a 3D
chicken nugget shape. The addition of 20% chicken mince paste to PPI based paste achieved better
printability and fibre structure.

Keywords: food 3D printing; hybrid meat analogues; rheological properties; pea protein
isolate; chicken

1. Introduction

Meat-based products are popular among consumers due to their unique taste, texture
and nutritional values [1]. With the development of technology, meat is becoming more
accessible to humans’ daily diets. According to predictions, the demand of meat will
continue to grow in the future [2]. However, growing meat consumption is associated with
increasing environmental concerns, including large land use and green gas emission [3–5].
To ensure sustainability, alternative diets or food sources have been suggested to decrease
the average individual meat consumption [6]. Meat analogue is a type of food considered
as a replacer that mimics characteristics of meat.

Traditional meat analogues have been created and developed for many centuries. These
meat analogues were generally made by vegetables or plants rich in protein, to deal with
low meat accessibility or due to religious reasons in different parts of the world [7–9]. Due to
the limitations of the traditional processing technique, traditional meat analogues could not
properly simulate the sensory characteristics and texture of meat. Therefore, scientists have
started researching new methods to improve the quality of meat analogues [9,10].

Currently, the most common technology producing meat analogue is high-moisture
extrusion. It can be used on various plant protein sources and produce different kinds
of meat analogues [9,11,12]. The percentages of moisture in high-moisture extrusion
normally vary from 40 to 80% [13]. The extruded products tend to show higher similarity
to meat, compared with conventional meat analogues. Other novel technologies such as
shearing, and spinning have also been developed to further imitate the meat-like fibres and
microstructure [14–16]. However, these methods have not been widely promoted on an
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industrial scale. Aside from its meat-like structure, the nutritional value and other physical
sensations of meat analogue also need to be improved.

Consumers’ preference plays an important role in the commercialisation of meat
analogues. Currently, the challenges of developing meat analogues mainly include lower
nutrition quality of plant proteins, lack of meaty sensations and high price [17,18]. To
improve the nutritional and sensorial characteristics of meat analogues, one option is to
add low value animal proteins to formulate a hybrid meat analogue. Animal proteins are
generally known to be nutritionally superior to plant proteins.

Additionally, it is worthwhile to develop some meat analogues, which are suitable
for the elderly. There are increasing numbers of elderly that need to be fed. However, the
decreasing tooth strength with aging limits the elderly’s’ food choices [19].

Three-dimensional printing is a novel technology, which could be introduced into
food manufacturing to modify food structure and texture [20]. In addition, it creates
desirable food shapes and improves nutrient selection [21]. Because of these, it has been
used to produce some health care food products for the elderly. Aged people would be
benefited because they have more options, instead of simply consuming conventional
pureed food. Scientists have already shown their interest in producing meat analogues
from plant proteins through 3D printing. Some printed plant-based meat products with
different shapes have been reported [22–24]. However, there is no available literature on the
evaluation of properties of printed meat analogue. The printing of hybrid meat analogue
has also not yet been mentioned by currently available research.

Conventionally, soy is the most common material to produce meat analogues. How-
ever, pea has fewer food allergy issues and GMO concerns than soy [25]. The interest in
research on pea protein has increased in recent years, especially for simulating chicken
products [26,27]. Hence, pea protein and chicken were selected as the main materials to
produce printed soft hybrid meats.

The main objectives of this study were to: (1) Develop a printable formulation mainly
made from pea protein isolate and chicken mince paste. (2) Optimize the formulation to
printing process based on rheology and extrusion tests.

2. Materials and Methods
2.1. Materials

Pea protein isolate (PPI) (containing 80% protein) was purchased from Davis Food
Ingredients (Palmerston North, New Zealand). Commercially available chicken mince
(typically 95% meat and 5% fat) was purchased from a local market (Palmerston North,
New Zealand). It was then blended with a Moulinex Food blender (Masterchef 650, Groupe
Seb New Zealand, Auckland, New Zealand) and finely minced by a Silverson L4RT High
shear mixer (Advanced Packaging System Limited, Auckland, New Zealand) as much as
possible into a paste-like texture.

Other materials included pre-gelatinized maize starch (Hi-Maize 1043; Ingredion ANZ
Pty Ltd., Auckland, New Zealand), beef fat (Premium 100% pure beef dripping, Farmland
foods, purchased from a local market, Palmerston North, New Zealand) and soy lecithin
(Hawkins Watts Ltd., Auckland, New Zealand).

2.2. Sample Preparation

The formulations of PPI based pastes and PPI-chicken pastes (Table 1) were final-
ized based on preliminary extrusion trials. Soy lecithin was mixed and dispersed in
water (69%) with the help of a MicroMix stick blender (Robot Coupe, 220W, Robot-Coupe
Australia Pty Ltd., Auckland, New Zealand). Then, water containing soy lecithin, PPI
(24%), maize starch (3.6%) and beef fat (2.4%) were added and mixed in a Moulinex food
blender (Masterchef 650). All the ingredients were blended for 2 min to prepare a paste.
The blended paste was transferred into metal beakers. The metal beaker containing the
paste was placed in a pot containing boiling water and heated on a hotplate (MR 3001,
Heidolph, Schwabach, Germany) for 10 min. The samples were further mixed during
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heating, using a Silverson L4RT high shear mixer (Advanced Packaging System Ltd., New
Zealand) at 4000 rpm (556× g). The cooked paste was naturally cooled down to room
temperature and used for further experimentation. Fresh pastes were prepared before
each experiment.

Table 1. Pea protein isolate (PPI) based paste and PPI-chicken paste (PCP) formulations.

Ingredients
Percentage (% w/w, Wet Basis)

P Control 1 PS 1 PF 1 PSF 1 20CHK 1 50CHK 1

PPI 30 26.4 27.6 24 19.2 12
Starch 0 3.6 0 3.6 3.6 3.6

Fat 0 0 2.4 2.4 2.4 2.4
Chicken paste 0 0 0 0 19.2 48

Soy lecithin 1 1 1 1 1 1
Water 69 69 69 69 54.6 2 33 2

1 P control represents pea protein isolate paste, PS represents PPI paste with starch, PF represents PPI paste with
fat, PSF represents PPI paste with both starch and fat. 20CHK represents 20% chicken added into PSF paste;
50CHK represents 50% chicken added into PSF pastes. 2 The amount of chicken paste and water are based
on moisture content analysis of the raw chicken pastes. The moisture of the chicken paste was 75.30 ± 0.23%
measured by hot air oven method. The total moisture of these PCP samples was kept as 69%, which is similar to
PPI pastes.

In PPI-chicken pastes (PCP) samples, the amount of added starch, fat, soy lecithin and
total moisture was same as the PPI paste. The total dry matter in the chicken paste was
aimed to replace PPI powder by 20 and 50%. When PPI paste was prepared, it was mixed
with a certain amount of raw chicken paste, as shown in Table 1, using a Moulinex food
blender (Masterchef 650) for 2 min.

2.3. Rheological Properties

Rheological properties of PPI and PCP pastes were studied according to the methodol-
ogy described by Wang et al. [28] with slight modifications, using a dynamic rheometer
(AR-G2, TA Instruments, New Castle, DE, USA). Temperature and frequency sweep experi-
ments were performed on raw and cooked pastes, respectively. Steady shear viscosity tests
were performed on cooked PPI pastes. A 40 mm parallel steel plate geometry was chosen
to test of all samples, and a gap of 2 mm was set between two plates. The strain was set as
0.4%, which ensured all samples were in their linear viscoelastic region. The measurements
on each selected sample were conducted in triplicate. Data were collected and analysed by
TA software (TA Universal Analysis Version 4.5A, TA Instruments, New Castle, DE, USA).

2.3.1. Temperature Sweeps

A temperature sweep test aims to find how the viscoelastic properties of experimental
samples change with heating and cooling. Four different formulations were prepared as
shown in Table 1: PPI control, PPI + starch (PS), PPI + fat (PF) and PPI + starch + fat (PSF).
The preparation method was the same as given in Section 2.2. For chicken paste added
samples, raw chicken pastes were blended with uncooked PSF paste in the proportions of
20 and 50% (Table 1).

Pastes were loaded on the rheometer plate. The temperature was set at 25 ◦C at the
beginning of the test and heated until 95 ◦C at the rate of 4 ◦C/min. After holding for 30 s at
95 ◦C, samples were cooled down from 95 to 25 ◦C at the rate of 4 ◦C/min. At the end of the
test, cooled samples were held for 30 s at 25 ◦C. Storage modulus (G’), Loss modulus (G”)
and tan δ at were recorded. A little amount of mineral oil (Bio-Rad Laboratories, Rosedale,
New Zealand) was applied to the sample edges to minimize the moisture loss.

2.3.2. Frequency Sweeps

P control, PS, PF and PSF pastes were prepared as described in Section 2.2 and cooked
in a boiling water for 10 min. PSF pastes with 20 and 50% raw chicken paste (20CHK and
50CHK) were prepared in the same manner as described in Section 2.2. Chicken paste was
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not cooked because denaturation would decrease the flow ability of samples. Viscoelastic
parameters such as G’, G” and tan δ were determined at 25 ± 0.1 ◦C, with angular frequency
increasing from 0.1 to 100 rad/s. Ten points were recorded within each decade.

2.3.3. Shear Flow Behaviour Tests

Samples used in shear flow behaviour tests were the same as mentioned in the fre-
quency sweep tests. Tests were carried out at 25 ± 0.1 ◦C, while the shear rate was ramped
from 0.1 to 100 s−1. Shear-viscosity curves were obtained after testing, with 10 points
shown within each decade.

2.4. Forward Extrusion Testing of PPI and Chicken Pastes

Forward extrusion tests were conducted with a textural analyser (TA.XT.plus, Stable
Micro Systems, Godalming, UK) with a 50 kg load cell, using the method described by
Kim et al. [29] and Zhu et al. [30] with minor modification. A device consisting of a syringe
and piston was set up on the texture analyser (Supplementary Materials Figure S1). Four
PPI-based pastes, 20CHK, 50CHK and chicken pastes were prepared as described in
Section 2.2. They were carefully scooped to fill into a 60 mL polypropylene syringe with a
spatula. The syringe was placed vertically on a heavy-duty platform (HDP) with a hole
in the centre. The test was conducted by a single compression with a 61 mm cylindrical
probe. Compression force-time curve was obtained, and the maximum compression force
was defined as the extrusion hardness of each food paste.

The compression speed for the forward extrusion test was calculated based on a range
of equations. The relationship between compression distance and paste length is shown
in Equation (1).

πd2
f

4
× compression distance =

πd2
n

4
× paste length (1)

where df is the diameter of the filament, which also equals to the syringe diameter in this
study; dn is diameter of the nozzle. Paste length refers to the length that paste extruded out
from the syringe and nozzles.

If the extrusion time is controlled, Equation (1) can be modified to Equation (2), which
shows the relationship between compression speed and extrusion speed. If extrusion speed
is set, then the compression speed could be calculated by Equation (3).

πd2
f

4
× Speedc =

πd2
n

4
× Speede (2)

Speedc = Speede ×
(

dn

df

)2
(3)

where Speedc is the compression speed; Speede is the speed at which paste extruded out
from the nozzle.

The diameter of syringe used in this study was 28.5 mm. The diameters of two selected
nozzles were 1.54 and 2.16 mm. Thus, the compression speed was set as 0.04 mm/s for the
1.54 mm nozzle and 0.09 mm/s for the 2.16 mm nozzle. This referred to the extrusion speed
of 15 mm/s for each nozzle size. The compression distance was 5 mm and the average
compression force measured and calculated from triplicated observations.

2.5. 3D Printing Process

The printer used in this study was a newly assembled LVE 3D printer (Supplementary
Materials Figure S2). It is a combination of a plastic filament 3D printer frame and an
extruder unit. The frame of the printer belonged to Creality Ender-3 (Creality 3D, Shenzhen,
China). However, the extruder unit was created based on the design from Pusch et al. [31].

In this study, all 3D models for experiments were downloaded from online sources,
which are open to public access through 3D builder (Version 18.0.1931.0; Microsoft Co.,
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Redmond, WA, USA). Then, they were loaded and sliced by Repetier Host (Version 2.1.4;
Hot-World GmbH and Co. KG., Willich, Germany).

PSF, 20CHK and 50CHK were selected for 3D printing based on their rheological
properties. The pastes were prepared as described in Section 2.2 and filled into syringes. A
small nugget shape sample (Figure 1) was printed using a large volume extrusion (LVE)
3D printer. The effect of nozzle size (1.54 and 2.16 mm) on the printability (ability to form
layers) was observed along with the appearance of the printed samples. Printing was
carried out at ambient temperature, with a printing speed of 15 mm/s and 100% infill
density. Printed samples were cooked in sealed polypropylene bags in a boiling water bath.
The structures of both raw and cooked samples were visually evaluated. Fibre formation
was particularly noticed.
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2.6. Statistical Analysis

The data presented in the results and discussions are the mean values of triplicated
measurements. In forward extrusion tests, standard deviation (SD) is also presented. One-
way analysis of variation (ANOVA) and Tukey’s pairwise comparisons were conducted by
Minitab (version 18.1, Minitab Inc., State College, PA, USA) to analyse the significance of
the data. Statistical significance was defined by a p value lower than 0.05.

3. Results and Discussion
3.1. Rheology
3.1.1. Temperature Sweeps
PPI Pastes

In temperature sweep tests, the comparison of storage modulus (G’), loss modulus
(data not presented) and loss factor (tan δ) of four PPI pastes are shown in Figure 2. Both G’
and G” of all samples decreased during the heating process. They dropped down rapidly
before 55 ◦C and then slowly decreased after that. A change in rheological properties
in protein-based food is normally associated with protein denaturation. According to
Shand et al. [32], the denaturation temperature of non-globulin and globulin fractions in
lab-prepared PPI were 67 and 85 ◦C, respectively. However, there are no obvious changes
on moduli at either temperature in Figure 2a. It was reported by Aryee et al. [33] that
processing methods vary the characteristics of PPI products. The decreasing trend in
moduli during heating is generally similar to the study by Moreno et al. [34], in which PPI
with a greater denaturation degree showed a continuous reduction in G’ and G” during
heating. This was explained to be the result of the destruction of polar interactions, mainly
leading to decreased moduli. Hence, the PPI used in this study is assumed to be already
denatured to some extent due to processing. As demonstrated by Jiang et al. [35], denatured
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protein shows a higher extrudability since most native proteins have poor shape-holding
capacity. This could be the reason that PPI paste can be manually extruded in the trials.
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properties of salt-extracted PPI at different temperatures. In their research, G’ of all PPI 
samples increased steeply from 95 to 25 °C. The increasing curves of G’ differ from this 
study. This could be caused by the different heating and cooling rates and sample com-
positions. As reported by Oyinloye and Yoon. [37], a slower cooling rate led to a faster 
increase in G’ and G″. Moreover, different formulations influenced rheological properties. 
The storage and loss moduli for the samples with starch added (PS and PSF) returned to 
a slightly lower level than at the beginning of heating cycle. This finding suggested that 
starch limited the moduli change during heating and cooling. Therefore, cooling of PS and 
PSF can be considered as a roughly reverse process to heating. However, G’ and G″ of P 
control and PF were higher than the initial values before heating. As can be seen, viscoe-
lastic moduli of P control and PF rose from approximately 90 to 50 °C, while G″ of these 
two samples increased dramatically from 90 to 70 °C. 
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to 25 ◦C) at rate of 4 ◦C/min. (a) Storage modulus (G’) and (b) tan δ. In the figure, P control
represents PPI paste; PS represents PPI Paste containing starch; PF represents PPI paste containing
fat; PSF represents PPI paste containing both starch and fat. Result shown was the mean value of
triplicated tests.

During cooling, G’ and G” of the four pastes increased to different extents. A
similar phenomenon was reported by Sun and Arntfield [36], who investigated the
rheological properties of salt-extracted PPI at different temperatures. In their research,
G’ of all PPI samples increased steeply from 95 to 25 ◦C. The increasing curves of
G’ differ from this study. This could be caused by the different heating and cooling
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rates and sample compositions. As reported by Oyinloye and Yoon. [37], a slower
cooling rate led to a faster increase in G’ and G”. Moreover, different formulations
influenced rheological properties. The storage and loss moduli for the samples with
starch added (PS and PSF) returned to a slightly lower level than at the beginning of
heating cycle. This finding suggested that starch limited the moduli change during
heating and cooling. Therefore, cooling of PS and PSF can be considered as a roughly
reverse process to heating. However, G’ and G” of P control and PF were higher than
the initial values before heating. As can be seen, viscoelastic moduli of P control and
PF rose from approximately 90 to 50 ◦C, while G” of these two samples increased
dramatically from 90 to 70 ◦C.

Phase changes during heating and cooling did not exist, since tan δ of all these
samples was lower than 1 at all temperatures (Figure 2b). Tan δ of all these samples
ranged between 0.1 and 0.25, which means samples were always predominantly elas-
tic [38]. Before the heating process, the initial tan δ of all paste samples was between
0.2 and 0.25. During heating, all pastes showed, generally, a decreasing tendency in
tan δ, indicating that the gel strength is reinforced. The reason was associated with the
protein–protein interactions generated from temperature change, which contributed to
a more elastic gel network [36]. Tan δ of P control and PF was lower than 0.15 at 95 ◦C.
For PS and PSF however, tan δ rose slightly when the temperature was higher than
85 ◦C. During cooling, tan δ of PS increased dramatically at the beginning, dropping
down afterwards and rising again when the temperature was below 83 ◦C. As for
the PSF sample, tan δ steadily increased. The changes in tan δ of P control and PF
during cooling were more complicated. Tan δ of PF increased drastically from 95 to
59 ◦C and decreased smoothly afterwards. PS, PF and PSF samples did not change
hugely during the entire heating and cooling process. Tan δ of P control rose rapidly
and dropped down after 77 ◦C to nearly 0.13, which is much lower than the initial tan δ.
This indicates that the cooling procedure increased the gel firmness of the P control
sample. In general, results show that starch added samples were suitable to be heated
and cooled before printing. This is because they demonstrate a minor reduction in
viscoelastic moduli and a similar tan δ, which potentially create a proper paste fluidity
for printing [28]. More studies on plant protein-based food are needed to explore the
interactions among protein, starch, and fat. A deeper understanding of component
interactions helps to design formulations with ideal rheological properties for printing.

PPI-Chicken Paste

For chicken added samples, the change of viscoelasticity is shown in Figure 3.
During both heating (50 ◦C onwards) and cooling, chicken and chicken paste added
samples showed an increased G’ over that of PPI paste alone. G’ of chicken and chicken
added samples increased steeply when the temperature was between 60 and 80 ◦C
(Figure 3a). A similar rheology investigation was reported by Rabeler and Feyissa [39],
in which the G’ of chicken breast showed a rapid increase from 60 to 80 ◦C. Minor
differences in G’ values reported in this study could be explained by the different
protein contents of the meat samples. As reviewed by Lesiów and Xiong [40], the
denaturation of majority of proteins, including myosin and myofibrils in chicken
meat occurred between 35 and 40 ◦C. The denatured proteins started to aggregate
and form gels with the continuously increasing temperature. Tornberg [41] indicated
that denaturation by heating may have caused meat fibre contraction and connective
tissue solubilization. Such changes formed a denser network that enhanced G’ of meat
during heating.
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Figure 3. Viscoelastic properties of PPI and chicken mixture samples during heating (25 to 95 ◦C) and
cooling (95 to 25 ◦C). (a) Storage modulus (G’) and (b) tan δ. In the figure, PSF represents PPI paste
containing both starch and fat; 20CHK represents 20% chicken added into PSF paste; 50CHK represents
50% chicken added into PSF pastes. The result shown was the mean value of triplicated tests.

The variation of G” in the four samples showed a similar trend to G’ in the entire
process (data not shown). However, G” of chicken and 50CHK reduced slightly from 75 ◦C
onwards during heating. G” of 20CHK had a slight increase during heating after 50 ◦C.
The increase in G’ and G” during heating declined with the increasing amount of chicken
paste, indicating that meat protein has more sensitivity to temperature than PPI at a high
temperature. Both G’ and G” of chicken and chicken-added samples increased steeply after
the heating and cooling process.

Compared with PSF and chicken, the extent of increase in tan δ after the entire process
for the 20CHK and 50CHK samples were greater. This might demonstrate that interactions
between plant and animal proteins simulate the change in tan δ during temperature change.
Rheological properties of emulsion gel systems containing pea protein and animal protein
have been studied by Graca, Raymundo and de Sousa [42]. Their investigation showed
that tan δ of a food sample containing pea protein and collagen protein in a ratio of 50:50
increased to over 1 from 40 ◦C during heating. It represented a breakdown of the original
emulsion structure. The deformation was maintained until 80 ◦C when a new gel structure
formed (tan δ < 1). This trend did not appear in samples containing either a higher amount
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of pea protein or purely collagen protein. It could explain why only 50CHK exhibits an
increasing tan δ between 50 and 60 ◦C in this study (Figure 3b).

3.1.2. Frequency Sweeps

During frequency sweeps, G’ and G” of four PPI pastes both progressively increased
with the growing angular frequency (Figure 4). In addition, G’ was always higher than G”,
indicating that these pastes show a weak gel behaviour [43]. For both G’ and G”, PS paste
showed the highest value than other pastes during the whole frequency sweep test among
all plant protein only samples (Figure 4a; data for G” not presented). Interestingly, cooked
P control and PF pastes did not exhibit a high value for viscoelastic moduli after the heating
and cooling cycle, similar to the temperature sweeps (Figure 2). This may be because
cooked samples were cooled at a different rate than in the conditions of the temperature
sweep. Higher G’ and G” values could be caused by adding starch, which potentially
decrease the fluidity [28,44]. In contrast, the addition of fat could enhance fluidity, which
was agreed by Lille et al. [45]. This phenomenon may benefit the printing process.
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increased progressively during the frequency sweep. It shows that chicken added samples 
also behave similar to a weak gel. G’ and G″ of cooked PSF pastes were reduced by the 
addition of raw chicken paste, with 20% chicken paste showing lower values than 50% 
during the experiment. Raw chicken showed a higher G’ than 20CHK, but a lower value 
than 50CHK (Figure 4a). G″ of 20CHK was lower than chicken when the angular fre-
quency was lower than 0.6 rad/s but surpassed it afterwards (Figure 4b). This demon-
strates that the 20CHK sample had the highest fluidity among all three samples, which 
demonstrates a better flowability [28]. 
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chicken added into PSF paste; 50CHK represents 50% chicken added into PSF paste. Result shown
was the mean value of triplicated tests.
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Similar to PPI pastes, G’ of 20CHK, 50CHK and chicken was higher than G”, and both
increased progressively during the frequency sweep. It shows that chicken added samples
also behave similar to a weak gel. G’ and G” of cooked PSF pastes were reduced by the
addition of raw chicken paste, with 20% chicken paste showing lower values than 50%
during the experiment. Raw chicken showed a higher G’ than 20CHK, but a lower value
than 50CHK (Figure 4a). G” of 20CHK was lower than chicken when the angular frequency
was lower than 0.6 rad/s but surpassed it afterwards (Figure 4b). This demonstrates that
the 20CHK sample had the highest fluidity among all three samples, which demonstrates a
better flowability [28].

All seven pastes showed a decreasing tendency on tan δ below 1 rad/s (Figure 4b).
In this stage, tan δ of chicken paste showed the sharpest reduction. When the angular
frequency is over 1 rad/s, tan δ of PPI and chicken added pastes increased slowly. For
chicken paste, the tan δ value remained stable between 1 and 10 rad/s and rose slightly to a
higher angular frequency. Savadkoohi et al. [46] explained that this change was associated
with the damage to the gel network. In their research, similar plateaus of tan δ of chicken-
based samples in a higher angular frequency range (1 to 100 rad/s) was observed. PF
expressed the lowest tan δ among all PPI pastes after the frequency sweep. Tan δ of PSF
showed minimal change before and after the whole process.

3.1.3. Shear Flow Behaviour

In this study, all samples were pseudoplastic materials, showing a shear-thinning
behaviour (Figure 5). This indicates that all samples are suitable to extrude, which is in
agreement with the findings of Lipton [47]. The reduced viscosity caused by applied
shear force enables food gels to be extruded from nozzles [35]. Among all PPI pastes, PS
showed higher viscosity than the three other pastes (Figure 5). This indicates that starch
increases the viscosity, which could be explained on the basis that cooked starch absorbs
water and forms an intensive gel structure [48,49]. However, adding both starch and
fat did not negatively influence the flow behaviour. This might be because the addition
of fat reduced the viscosity, as PSF and PF samples both showed low initial viscosity
among all the PPI pastes. A similar finding was reported by Lille et al. [45], namely
that a food formulation with semi-skimmed milk powder was less viscous than with
skimmed milk powder. In addition, the viscosity of the paste was decreased when the
raw chicken paste was added.

At a shear rate higher than 10 s−1, PPI pastes (except the PS sample) become less
viscous than chicken-added pastes and chicken. The most drastic reduction existed in the
shear-viscosity curve of the P control paste, showing that P control paste is easy to deform
when a shear force is added. A slight infinite shear viscosity plateau was shown in PF
when the shear rate was above 40 s−1 (Figure 5).

As phase change was not involved during rheological testing in this study, shear-flow
behaviour can be an important parameter to evaluate the sample’s extrudability. According
to Hölzl et al. [50], the viscosity of bio-ink for extrusion-based printing can range from
3 × 10−2 to 6 × 104 Pa s. In addition, a high zero-shear viscosity was also considered as a
suitable property for extrusion type printing [51]. Nevertheless, Wang et al. [28] claimed
that food material showed a poor printing performance if the zero-shear viscosity was
too high. In their research, a food gel with zero-shear viscosity (viscosity at shear rate
0.1 s−1) around 30,000 Pa s was extrudable but not capable of expressing a proper printing
appearance. In this study, the zero-shear viscosity of PS and P control pastes are both
close to 30,000 Pa s (25,723 and 22,427 Pa s, respectively), which potentially means these
two pastes are not suitable for a smooth 3D printing process.
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viscosity curve of PPI pastes, chicken and PPI-chicken pastes. In the figure, P control represents
PPI paste; PS represents PPI paste containing starch; PF represents PPI paste containing fat; PSF
represents PPI paste containing both starch and fat; 20CHK represents 20% chicken added into PSF
paste; 50CHK represents 50% chicken added into PSF paste. The result shown was the mean value of
the triplicated tests.

3.2. Forward Extrusion Test

The extrusion force of various samples was measured by a forward extrusion test.
As shown in Table 2, paste samples (except PS) showed a lower extrusion force from a
2.16 mm nozzle than a 1.54 mm nozzle. It was also shown by Zhu et al. [30] that tomato
puree exhibited lower extrusion stress through a bigger (1.2 mm) nozzle than a smaller
(0.8 mm) one. These findings suggest that a bigger nozzle is easier for extrusion. Raw
chicken paste was not able to be extruded from a 1.54 mm nozzle. The reason for this
is that the presence of big particles constrains the flow, which leads to big variations in
different tests. It suggests that mincing at 556× g is not enough to break down some big
muscle particles in chicken paste. Mincing at a higher rotation rate or filtering out big
muscle particles may be helpful to produce smooth flows. However, it would possibly lead
to a low shape-forming capacity during extrusion (as preliminary trials). Hence, chicken
paste was not suitable to be directly used for 3D printing in this study. However, it can be
added into PPI based pastes since 20CHK and 50CHK samples were able to extrude from
both nozzle sizes. The P control paste exhibited the lowest extrusion force, demonstrating
that it was easiest to extrude. The reason might be that the viscosity of the P control paste
decreased dramatically at a high shear rate (Figure 5). PF showed the highest extrusion
force of all the samples (Table 2).

A correlation between extrusion force (or extrusion stress) and rheological properties
was shown by Zhu et al. [30]. They pointed out that the extrusion stress of food sam-
ples expressed a linear correlation with flow stress. A higher flow stress contributes to
higher extrusion stress. However, there was no correlation between extrusion stress and
viscoelastic properties. The reason was assumed to be that viscoelastic properties refer to
the characteristics of a sample in a non-deforming stage, while flow stress and extrusion
stress are both parameters related to deformation. Such correlation was suitable for various
water-based food pastes, but not for oil-based food pastes. In addition, extrusion force
was related to the materials’ printability, which is defined as the capacity of deposited
materials to support their own weight [21]. Kim et al. [29] showed that the printability of
hydrocolloid samples was positively correlated with the extrusion force. According to their
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finding, hydrocolloids with a higher methylcellulose concentration exhibited an increasing
extrusion force, which simultaneously led to a lower deformation rate of a printed cylinder
shape. Nevertheless, this correlation was not suitable for food samples with multiple
ingredients. This is because interactions among ingredients creates a complex food matrix,
which deserves further investigations. Currently, there is no available research that sys-
tematically assesses the relationship between extrusion force and printing performance. It
is still necessary to correlate extrusion force and printing experiments, especially for food
with numerous ingredients and complex structures.

Table 2. The extrusion force of tested materials with 1.54 and 2.16 mm nozzle sizes.

Samples 3

Extrusion Force (N) 1,2

Nozzle Size

1.54 mm 2.16 mm

P control 57.74 ± 1.86 a 49.91 ± 1.98 a

PS 73.47 ± 4.30 b 83.64 ± 2.18 d

PF 141.10 ± 9.43 e 98.80 ± 2.13 e

PSF 87.88 ± 3.63 c 62.13 ± 2.85 b

20CHK 106.31 ± 3.06 d 83.22 ± 2.50 d

50CHK 84.27 ± 0.85 b,c 74.07 ± 0.54 c

Chicken N/A 67.73 ± 1.78 b

1 Results are shown as means ± SD (n = 3). 2 According to Tukey’s pairwise comparison, different letters in
each column show a significant difference (p < 0.05). 3 P control represents PPI paste; PS represents PPI Paste
containing starch; PF represents PPI paste containing fat; PSF represents PPI paste containing both starch and fat;
20CHK represents 20% chicken added into PSF paste; 50CHK represents 50% chicken added into PSF past.

3.3. Printing Performance
3.3.1. Appearance of Printed Meat Analogues in Different Formulations and Nozzle Sizes

Printed samples with a small chicken nugget shape are shown in Figure 6. In general,
both PSF and chicken paste added samples formed more desirable shapes through a
1.54 mm nozzle, compared with a 2.16 mm. Since PSF, 20CHK and 50CHK all showed
lower extrusion force with a 2.16 mm nozzle size, it may indicate that a lower extrusion
force results in lower printability. This agrees with the finding of Kim et al. [29]. During
printing through a 2.16 mm nozzle, the poor printing performance could be related to the
shear rate and viscosity. The relationship between shear rate and viscosity in extrusion
printing can be shown by Equations (4)–(6) [52]:

.
γ =

4Q
πr3 (4)

Q = πr2 × Speede (5)

.
γ =

4 × Speede
r

=
8 × Speede

d
(6)

where
.
γ is shear rate; Q is the volumetric flow rate, referred to extrusion rate in this study;

r is the radius of the nozzle; Speede is the extrusion speed; d is the diameter of the nozzle.
Therefore, increasing the nozzle diameter with a controlled printing speed leads

to a lower shear rate, resulting in a higher sample viscosity (Figure 5). It is assumed
that higher viscosity causes poor extrusion behaviour. Although there is no available
research that quantifies the relationship between shear viscosity and printability, similar
investigations were reported by Wang et al. [28] showing that fish surimi with a high
viscosity would reduce the extrusion smoothness. In this study, the viscous extrusion flow
from a 2.16 mm nozzle contributed to an inconsistent deposition line and exhibited a less
desirable appearance. Similar findings were reported by Yang et al. [53]. They reported
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that a bigger nozzle tended to result in poorer printing quality. Wang et al. [28] also
tested printing performances through different nozzle diameters. In contrast to this study,
however, they found that a printed sample from a smaller nozzle demonstrated poorer
printing performance than from a bigger nozzle. The reason might be that printing through
a small nozzle demanded a higher pressure, which caused an extremely low viscosity and
a low shape-building capacity.
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paste; 50CHK represents 50% chicken added into PSF paste.

The printing smoothness declined with the increasing amount of chicken paste. Printed
50CHK samples through both nozzle sizes show many printing defects. This is associated
with the hypothesis that a difference in smoothness of PSF paste and chicken paste may
lead to a heterogeneous mixture and non-continuous flow during extrusion from nozzles.
For meat paste samples, Dick et al. [54] recommended the use of nozzle sizes bigger than
2 mm to enable extrusion of some components containing big particles. A similar finding
was shown in Section 3.2, namely that big particles in chicken blocked the 1.54 mm nozzle
and stopped the extrusion process. Although 50CHK and 20CHK showed extrudability
through a 1.54 mm nozzle, varied flow resistance of a chicken portion and a plant protein
portion could cause a non-smooth extrusion. PSF paste was able to deposit bottom layers
stably. Although printing defects also appeared on the surface layer, the general nugget
shape based on the 3D model was formed. The reason could be that PSF paste has a more
uniform structure than 50CHK and 20CHK samples.

3.3.2. Appearance and Macrostructure of Printed Meat Analogues after Cooking

The comparison of three cooked samples is presented in Figure 7. Chicken paste added
samples showed a more acceptable colour after boiling in water. The shapes of the printed
samples were slightly damaged after cooking. Although heat-sealed bags were used to
prevent damage of the shape, the edges of the printed samples were not protected perfectly.
Lipton et al. [55] tried cooking printed meat in a controlled vapour oven. The overall shape
of printed turkey meat was protected from being damaged by the package. Nonetheless,
cooking in a controlled vapour oven caused inward shrinkage of the meat, which made the
shape bow upwards. To improve the printability of meat analogues, shape-maintenance
after cooking is a challenge that needs to be overcome.
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Figure 7. Printed meat analogues using 1.54 mm nozzle after cooking. PSF represents PPI paste con-
taining both starch and fat; 20CHK represents 20% chicken added into PSF paste; 50CHK represents
50% chicken added into PSF paste. Printed samples were cooked in boiling water for 10 min.

Fibrous structure formation is a pivotal characteristic to assess the quality of meat
analogue. As found from fractured sections, PSF sample was insufficient to form a fibrous
structure without adding chicken (Figure 7). According to previous studies, the fibrous
structure of PPI was formed in the thermal extrusion system above 120 ◦C [25]. In a
shearing processing system, the same conditions of temperature were required [56]. To
develop a printed product from a PPI based formulation without adding meat, the post-
printing cooking method should be changed. This is because the temperature of the boiling
water bath (100 ◦C) was inadequate to build fibrous structures. Pan-frying, microwaving
and baking were suggested, since these methods enable cooking samples at a higher
temperature. Moreover, the addition of some ingredients such as wheat gluten would
help fibre formation [56]. Fibres were found in 20CHK and 50CHK, indicating that meat
fibres were generally provided by chicken paste. More fibres were found in 20CHK
than the 50CHK sample because of its stable printed shape. This is associated with the
proper extrusion and deposition performance of the 20CHK sample. Thus, 20CHK paste is
considered as the optimal material for printing in this study.

4. Conclusions

This study investigates the printing of 3D nugget shapes by using plant-only and plant-
meat-based formulations. PPI combined with maize starch, beef fat and water expressed
suitable rheological properties for extrusion-based 3D printing. Both PPI paste and PPI
chicken paste showed a weak gel behaviour according to rheology tests. The addition of
maize starch increased the viscosity of food paste, while it minimized the moduli change
during temperature sweep. The combination of chicken and PPI-based paste reduced the
viscosity change with the increasing shear rate. The addition of raw chicken paste to cooked
PPI–based paste was recommended, since it provided a suitable flow behaviour. Forward
extrusion tests helped understand the general extrusion difficulties of different samples.
However, the correlation between the extrusion force and other characteristics was not
identified in this study.

Printing through a 1.54 mm nozzle showed better 3D shape forming capacity than a
2.16 mm nozzle. It was explained that a bigger nozzle size led to a higher shear viscosity,
resulting in poor printability. The PPI-paste sample without chicken showed a more
desirable appearance, while the addition of chicken paste into PPI paste created a fibre-like
structure. Considering both printing performance and fibre formation, PPI paste with 20%
chicken was selected as an optimal formulation.
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The printing speed in this study was set as 15 mm/s, which is slower than many
non-food materials for 3D printing. To scale up and reach the industrial requirements, it is
necessary to develop the methods that allow printing of plant protein-based materials at a
high speed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods11030478/s1, Figure S1. Design of forward extrusion test: A syringe and piston device
attached to a texture analyser. (1) The framework of textural analyser (TA.XT.plus, Stable Micro
Systems, UK). (2) A 61 mm cylindrical probe. (3) A piston. (4) A syringe. (5) HDP/90 platform
with a hole in the centre. (6) A container to collect the paste extruded out from syringe.; Figure S2.
Photograph of LVE 3D printer used in this study. (1) Framework of Ender-3 3D printer. (2) Extruder
unit. (3) Gears. (4) Motor. (5) Nozzle holder. (6) Platform. (7) Conveyor belts, controlling the
movement to x, y, z axis directions. (8) Operation menu. (9) USB connection to computer.
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Abstract: Flaxseed gum (FG) and whey protein microparticles (WPMs) were used to substitute fats
in model mayonnaises. WPMs were prepared by grinding the heat-set whey protein gel containing
10 mM CaCl2 into small particles (10–20 µm). Then, 3 × 4 low-fat model mayonnaises were prepared
by varying FG (0.3, 0.6, 0.9 wt%) and WPM (0, 8, 16, 24 wt%) concentrations. The effect of the addition
of FG and WPMs on rheology, instrumental texture and sensory texture and their correlations were
investigated. The results showed that all samples exhibited shear thinning behavior and ‘weak gel’
properties. Although both FG and WPMs enhanced rheological (e.g., viscosity and storage modulus)
and textural properties (e.g., hardness, consistency, adhesiveness, cohesiveness) and kinetic stability,
this enhancement was dominated by FG. FG and WPMs affected bulk properties through different
mechanisms, (i.e., active filler and entangled polysaccharide networks). Panellists evaluated sensory
texture in three stages: extra-oral, intra-oral and after-feel. Likewise, FG dominated sensory texture
of model mayonnaises. With increasing FG concentration, sensory scores for creaminess and mouth-
coating increased, whereas those of firmness, fluidity and spreadability decreased. Creaminess had a
linear negative correlation with firmness, fluidity and spreadability (R2 > 0.985), while it had a linear
positive correlation with mouth-coating (R2 > 0.97). A linear positive correlation (R2 > 0.975) was
established between creaminess and viscosity at different shear rates/instrumental texture parameters.
This study highlights the synergistic role of FG and WPMs in developing low-fat mayonnaises.

Keywords: low-fat mayonnaise; whey protein microparticles; flaxseed gum; texture; rheology

1. Introduction

Dietary fats significantly contribute to the total energy and intake of lipophilic nutrients
and bioactives. However, their excessive intake is an important factor leading to obesity
and overweight [1], which has been linked to an increased rate of chronic diseases such
as type-2 diabetes, cardiovascular diseases and certain cancers. The reduction in intake
of fats is a generally recommended, non-invasive prevention strategy to combat obesity
and overweight. However, food cravings and easily accessible, palatable lipid-based foods
have made it hard to control their intake levels in certain groups of people.

Mayonnaise is one of the most popular sauces or condiments in the world. It is
a mixture of egg yolk, vinegar, oil and spices and typically consists of 70–80% fat [2].
To meet an increasing consumer demand for healthier food products, developing low-
fat mayonnaise without sacrificing food texture has emerged as an important task for
researchers [2–6]. From the perspective of material science, traditional mayonnaise is a
conventional oil-in-water (O/W) emulsion or a high internal phase O/W emulsion (>74%
fat) [7]. At high oil concentrations, oil droplets are tightly packed together and become
distorted from the spherical shape. The close packing of the droplets allows them to interact
with one another and to form the gel-like structures, which imparts mayonnaise its main
texture and mouthfeel, e.g., creaminess, thickness and smoothness [8–14]. Oil volume
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fraction plays a critical role in determining the sensory properties of liquid or semi-solid
foods [15]. Oil droplets can effectively reduce friction because of the formation of a fat
film following a plate-out mechanism [16]. Reduced friction is highly related to oil-related
sensory properties and lubrication properties [14,17,18].

Fat substitution is a traditional approach for fat reduction and provides enhanced
sensory properties and higher acceptability of the reduced-fat food products. In the de-
velopment of these products, researchers employ biopolymers and their complexes to
substitute fats in the food. Fat replacers can be categorized into two groups: (1) enhancing
lubrication properties; (2) controlling bulk rheology. There have been many efforts to
understand the lubrication properties of protein- or polysaccharide-based particles. Tribol-
ogy research on the food emulsion system has revealed that the bio-based microspheres
(e.g., whey protein microparticles) can effectively reduce the friction coefficient between
the contacting surfaces via the ball-bearing mechanism, depending on their mechanical
properties, surface properties, size and the volume fraction [19–22]. Furthermore, micropar-
ticles have successfully simulated sensory attributes of some emulsion-based foods. For
example, mayonnaises substituted with the low-methoxyl pectin-based fat mimetics have
the similar texture scores as those of full-fat mayonnaise [23]. Whey protein microparti-
cles contribute to creaminess perception of the O/W emulsion due to their lubrication
properties [20]. Furthermore, the addition of some biopolymers (e.g., xanthan, gellan and
pectin) can significantly influence lubrication properties due to their adsorption onto the
surfaces (i.e., forming film) and viscosity effect, subsequently improving lubrication-related
sensory properties [24–28]. On the other hand, the bulk properties (e.g., viscosity) are the
most important factor, determining many sensory properties of foods, such as firmness,
adhesiveness, thickness and creaminess [29]. For example, the extensional viscosity is
correlated to a slimy, sticky and mouth-coating perception in xanthan gum solutions; the
instrumental viscosity of bovine milk is positively correlated with the sensory viscosity;
the thickness perception is correlated to the shear viscosity of thick solutions prepared
by xanthan and dextran [30–32]. In practice, biopolymers with high functionalities (e.g.,
whey proteins, pectin and chia seed mucilage) have been successfully used to replace fats
through enhancing bulk properties in different liquid or semi-solid food systems, such
as mayonnaises and yogurts [33–37]. However, there is still a lack of a profound under-
standing of the relationship between bulk rheology at different deformations and sensory
properties, which is critical to the development of a low-fat mayonnaise with high sensory
acceptability. In particular, the respective role of bio-based microspheres and thickening
agents in the bulk rheology and sensory properties of mayonnaises warrants further study.

In this study, we reformulated model mayonnaises using traditional ingredients (e.g.,
dry egg yolk, corn oil, vinegar, sucrose, salt) and substituted fats using whey protein mi-
croparticles (WPMs) of 10–20 µm and flaxseed gum (FG) (i.e., food reformulation), aiming
to understand the underlying mechanisms of the effect of the addition of FG and WPMs on
bulk properties (i.e., rheology and instrumental texture). Moreover, we investigated the sen-
sory texture of model mayonnaises, including creaminess and creaminess-related textural
attributes, aiming to clarify how the addition of FG and WPMs changed the creaminess.

2. Materials and Methods
2.1. Materials

Whey protein isolate (WPI) (Bipro, >91% protein) was purchased from Davisco Foods
International (Eden Prairie, MN, USA). CaCl2 (≥97%) and NaCl (≥99%) were purchased
from Sigma-Aldrich Merck KGaA (Darmstadt, Germany). FG was purchased from Linseed
Biologic Technologies Co., Ltd. (Xinjiang, China) and used without further purification.
Nile Red and Fast Green were obtained from Solarbio (Beijing, China). Sucrose, salt, corn
oil, dried egg yolk, whole milk, whipped cream, jam, mayonnaise, vinaigrette and vinegar
were purchased from a local supermarket (Beijing, China). Double-distilled water was
used to prepare all solutions and mayonnaises. All other reagents were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and were of analytical grade.
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2.2. Preparation of Whey Protein Microparticles (WPMs)

A 10 wt% WPI solution was prepared by dissolving 100 g WPI into 900 g water. WPI
solutions were stored at 4 ◦C overnight to allow complete hydration. Then, 10, 15, 20, 25, 35
or 50 mM CaCl2 was added into the WPI solutions. Whey protein gels containing different
CaCl2 concentrations were formed by heating the WPI solutions at 90 ◦C for 30 min and
cooling at room temperature. WPMs were prepared by (1) crushing whey protein gels
to smaller pieces; (2) adding water into gel pieces with a ratio of 1:9; (3) homogenizing
gel pieces at 9000, 12,000, 15,000, 18,000 or 21,000 rpm for 4 min using an Ultra Turrax
(S18N-19G, IKA, KG, Staufen, Germany) at room temperature.

2.3. Scanning Electron Microscopy (SEM)

Whey protein gels were vacuum freeze-dried at −83 ◦C for 48 h. The freeze-dried
gels were sputtered with a platinum conductive layer. The microstructure of different
samples was captured using a SEM (UHR FE-SEM SU8200 Series, Hitachi, Kyoto, Japan) at
an accelerating voltage of 3 kV.

2.4. Particle Size Measurement

The particle size distribution of WPMs was measured using a Particle Size Analyzer
(LS 13 320, Beckman Coulter, Indianapolis, IN, USA). The refractive index of water and
WPI was 1.33 and 1.48, respectively. The particle size was reported as the volume-weighted
mean diameter (D4,3).

2.5. Mechanical Properties of Whey Protein Gels

The mechanical properties of the gels containing different CaCl2 concentrations were
determined using a texture analyzer (TA.XT2, Stable Micro System Ltd., Haslemere, Surrey,
UK). Cylinder samples (20 mm in height and 25 mm in diameter) were compressed between
two flat plates up to 30% strain with the test speed of 1 mm s−1 and trigger force of 0.1 N.
The force at 30% strain was defined as gel hardness. Young’s moduli were calculated from
the linear regime of the force-strain curves (<5%). The penetration test was performed to a
strain of 80% with a probe (6 mm in diameter). The test speed was 1 mm s−1, with a trigger
force of 0.08 N. The fracture force and strain of the gels were recorded.

2.6. Swelling Test

To mimic the physicochemical environment of model mayonnaises, the swelling
medium was prepared by dissolving 5 wt% sugar and 0.5 wt% NaCl into water, and the pH
was adjusted to 4. Cylinder gels (25 mm in diameter and 10 mm in height) were weighed
(w0) and then immersed in the swelling medium for 0, 3, 8, 16, 24, 30 and 54 h. After static
soaking, the samples were weighed again (Wn). The swelling ratio was calculated by the
following equation:

Swelling ratio (%) =
wn −w0

w0
× 100% (1)

2.7. Preparation of Model Mayonnaises

The ingredients of the model mayonnaises are listed in Table 1. FG and sugar were
added into hot water and stirred at 80 ◦C for 30 min using a magnetic mixer (C-MAG HS
7, IKA, KG, Staufen, Germany) (mixture 1). WPMs, salt and dried egg yolk were added
into water, followed by a homogenization at 10,000 rpm for 20 s using an Ultra Turrax
(S18N-19G, IKA, KG, Staufen, Germany). Then, corn oil was added and homogenized at
10,000 rpm for 20 s (mixture 2). Finally, model mayonnaises were obtained by blending
vinegar, mixture 1 and mixture 2.
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Table 1. Ingredients of model mayonnaises.

Number of Sample FG WPM Sucrose Salt Vinegar Corn Oil Dry Egg Yolk
wt% wt% wt% wt% wt% wt% wt%

0.3–0 0.3 0 5 0.5 4 15 4
0.3–8 0.3 8 5 0.5 4 15 4

0.3–16 0.3 16 5 0.5 4 15 4
0.3–24 0.3 24 5 0.5 4 15 4
0.6–0 0.6 0 5 0.5 4 15 4
0.6–8 0.6 8 5 0.5 4 15 4

0.6–16 0.6 16 5 0.5 4 15 4
0.6–24 0.6 24 5 0.5 4 15 4
0.9–0 0.9 0 5 0.5 4 15 4
0.9–8 0.9 8 5 0.5 4 15 4

0.9–16 0.9 16 5 0.5 4 15 4
0.9–24 0.9 24 5 0.5 4 15 4

2.8. Rheological Measurement

The rheological properties of model mayonnaises were investigated using a stress-
controlled rheometer (DHR-2, TA Instruments, New Castle, DE, USA) with a serrated
parallel plate geometry (40 mm in diameter) and 800 µm gap. A shear rate range of
0.001–1000 s−1 at a constant temperature of 25 ◦C was used to determine the steady
shear flow behavior of the samples. Dynamic oscillatory shear testing was performed by
means of a strain amplitude sweep (1 Hz, 0.1–50% strain) and a frequency sweep in the
linear viscoelastic region (1% strain, 10–0.1 rad/s). The ability of the samples to resist
the deformation under the applied strain was recorded as the storage modulus (G′), loss
modulus (G′′) and phase angle (δ). All experiments were carried out at least in triplicate.

2.9. Instrumental Texture Measurement

The instrumental texture of model mayonnaises was measured by a texture analyzer
(TA Instruments, New Castle, DE, USA) with a cylinder probe (36 mm in diameter). Each
sample was filled to a 50 mm depth in a beaker with dimensions of 40 mm in diameter
and 60 mm in height. The samples were then penetrated to a depth of 30 mm at a speed of
1.5 mm s−1 with a trigger force of 3 g. Textural parameters of the samples (i.e., peak force,
positive area, negative peak force, negative area) were calculated. All experiments were
carried out at least in triplicate.

2.10. Confocal Laser Scanning Microscopy

Microstructure of model mayonnaises was observed using a confocal laser scanning
microscope (LSM710, Zeiss, Germany). The oil and protein phases of the samples were
stained by Nile Red solution (0.1 wt% in acetone) and Fast Green solution (0.2 wt%),
respectively. A small drop of the sample was placed on a concave confocal microscope slide,
mixed with 10 mL Nile Red and 10 mL Fast Green, stained for 30 min and then covered
with a cover slip. A 488 nm argon laser and a 633 nm He–Ne laser were used to excite
the oil and protein phases, respectively. Emission spectra above 505 nm for the oil phase
and above 650 nm for the protein phase were collected. It should be noted that model
mayonnaises with a high concentration of FG and WPMs were hard to stain. Therefore,
high-quality images were acquired for the samples containing 0.3 wt% FG or 0.6 wt% FG +
0 wt% WPMs in this study.

2.11. Stability Test

Fresh model mayonnaises were stored at 25 ◦C in a glass tube and monitored by a
digital camera over 27 days (1, 7, 18, 27 d) to test their storage stability. Model mayonnaises
were put into 5 mL test tubes that were sealed with plastic caps and then centrifuged at
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4000 rpm for 8 min and at 10,000 rpm for 10 min using a high-speed centrifuge (TG16-WS,
Cence, Changsha, China) to test their centrifugation stability.

2.12. Sensory Evaluation

Panellists aged between 18 and 30 years old were recruited and selected based on strict
dental criteria as well as their basic texture, taste and flavor detection. Sensory tests were
carried out in compliance with the human ethics committee at China Agricultural University.

Training was executed in 4 sessions of 1 h each with 5 common commercial semi-solid
foods (i.e., whole milk, whipped cream, jam, mayonnaise, vinaigrette). An attribute list
containing preliminary attributes (extra-oral, intra-oral and after-feel) with precise defini-
tions and rating instructions was provided to panellists during the attribute generation by
the panel (Table 2). Each panelist was offered a plastic spoon and 20 g of each commercial
semi-solid food. Panelists were instructed to rate extra-oral attributes before ingestion of
food and intra-oral attributes with the tongue and palate. After-feel attributes were rated
after swallowing. The attribute generation and definition were completed after 2 sessions,
followed by one more session to reach consensus between panellists on rating the attributes.
In the last training session, panellists were asked to rate 5 commercial samples and discuss
the results.

Table 2. Textural attributes and definitions.

Stages Attributes Definitions

Texture (extra-oral) Firmness Degree of resistance when stirring with a spoon

Texture (intra-oral)

Fluidity Degree of the sample flowing on the tongue

Spreadability Degree of spreading the sample into a thin film by moving the tongue up
and down against the palate

Graininess Extent of perception of particles when the tongue slides along the palate

Mouth-coating Degree of coating in the mouth after swallowing

After-feel Creaminess Degree to which the sample leaves a soft, velvety, fatty feeling after
swallowing. Creaminess is perceived in the whole mouth.

A total of 12 model mayonnaise samples, labeled with random three-digit numbers,
were evaluated in individual sensory booths at 25 ◦C under normal light conditions during
3 sessions of 1 h each. All model mayonnaise samples were prepared 12 h before sensory
testing and served in a randomized order to panellists. The panellists rated the mayonnaise
samples using a 100 mm continuous line anchored with ‘very little’ at 0% and ‘very much’
at 100% of the line scale, on which participants marked an ‘X’. Scores were determined by
the distance (in mm) from the left starting point of the line to the ‘X’. All panellists followed
the same evaluation procedure. First, they were instructed to assess textural (extra-oral)
attributes, then to eat the samples once to evaluate textural (intra-oral) attributes. Finally,
after-feel attributes were evaluated after swallowing. Panellists rinsed and cleaned their
mouth with water before evaluating the next sample.

2.13. Statistical Analysis

All experiments were performed at least in triplicate. The results were expressed
as means with standard deviations and were analyzed by SPSS version 25 (SPSS Inc.,
Chicago, IL, USA). A one-way analysis of variance (ANOVA) and Fisher least significant
difference test at p < 0.05 were used to determine significant differences between means. A
Pearson correlation test was performed to explore the correlation between creaminess and
other sensory texture attributes/rheological parameters/instrumental texture parameters
at p < 0.05 or 0.01. Data were normalized for all correlation tests.
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3. Results and Discussion
3.1. Whey Protein Microparticle Properties

In this study, the properties of whey protein microparticles were represented by those
of the heat-set whey protein gels (Figure S1). Figure 1 shows SEM images of the heat-set
whey protein gels containing different CaCl2 concentrations. A relatively uniform film-
like network structure was observed at low CaCl2 concentration (Figure 1a,b). As CaCl2
concentration increased to 15 mM, denser and larger protein aggregates were formed with
significant phase separation, which assembled into the 3-dimensional (3D) gel network
(Figure 1c,d). With further addition of Ca2+ (50 mM), the protein molecules aggregated into
the spherical microgels of several microns, which formed a particulate gel network. This
evolution of the gel structure was mainly ascribed to electrostatic shielding by Ca2+, which
could lower repulsion between protein molecules and promote their interactions [38,39].
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Figure 1. Scanning electron micrographs of the heat-set whey protein gels containing different CaCl2
concentrations with different magnifications. (a) 10 mM CaCl2, 1000×; (b) 10 mM CaCl2, 5000×;
(c) 15 mM CaCl2, 1000×; (d) 15 mM CaCl2, 5000×; (e) 50 mM CaCl2, 1000×; (f) 50 mM CaCl2, 5000×.

The effect of CaCl2 concentration on the large deformation properties of the whey
protein gels is illustrated in Figure 2a. Hardness and Young’s modulus reached the highest
value at 15 mM. With further addition of CaCl2, hardness gradually decreased; Young’s
modulus did not change significantly until CaCl2 concentration reached 25 mM. By contrast,
the fracture stress and strain peaked at 15–20 mM, significantly decreased at 25 mM,
and plateaued with further addition of CaCl2 (Figure 2b). In theory, the magnitude of
interactions between protein molecules per unit volume of the gel increased with CaCl2
concentration [39,40]. However, both large deformation and fracture properties did not
correlate with CaCl2 concentration, indicating the important role of the gel structure in
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determining mechanical properties. As shown in Figure 1, a large volume of pores was
generated at higher CaCl2 concentrations (>15 mM), which caused friction during the
large deformation and subsequently reduced gel hardness [41,42]. The strength of the gel
network itself plays a critical role in determining fracture mechanics, which has a highly
positive correlation with CaCl2 concentration [39,43]. This could mediate the adverse effect
of pores and cracks on fracture properties that were formed in the gels containing high
CaCl2 concentrations [44].
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The swelling ability of the heat-set whey protein gels is shown in Figure 2. All gels
swelled rapidly during the first 8 h of soaking, and then their swelling slowed down.
In general, the swelling ratio of the gels containing higher CaCl2 concentrations (25, 35,
50 mM) was larger than that of those containing lower CaCl2 concentrations (10, 15, 20 mM).
However, the swelling ratio of all gels was lower than 7% over 54 h of soaking, which could
be ascribed to the acidic pH near to the isoelectric point of WPI and high ionic strength of
the environmental solution [45,46].

WPMs were prepared by mechanically breaking the whey protein gels. The D4,3 of
WPMs containing 10 mM CaCl2 decreased from 40 to 10 µm with increasing homoge-
nization speed from 9000 to 21,000 rpm because of increased energy input (Table S1). By
contrast, the D4,3 of WPMs containing 15 mM CaCl2 became much larger at the same speed
because of higher gel strength (Table S1). Therefore, the soft whey protein gel containing
10 mM CaCl2 was selected to produce WPMs of <20 µm in this study.

3.2. Rheology and Instrumental Texture of Model Mayonnaises

A series of 3× 4 fresh model mayonnaises were prepared by varying FG weight/WPM
weight ratios (Figure 3). With increasing FG and WPM concentration, model mayonnaises
visually became more viscous; the addition of FG affected the viscosity of model mayon-
naises more significantly.

The viscosity vs. shear rate of model mayonnaises is shown in Figure 4a. Shear thin-
ning occurred in all samples. The thickening effect of WPMs was not significant at low con-
centration (8 wt%), suggesting that the interparticle interactions and the particle-continuous
phase interactions were relatively weak. By contrast, the addition of FG could effectively
enhance flow resistance at a relatively low concentration (0.6 wt%), which was ascribed to
entangled polysaccharide chains and their interactions with other molecules [47,48]. In this
regard, FG played a more important role in enhancing the viscosity of model mayonnaises.
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Model mayonnaises had a large linear viscoelastic region up to 10% strain. Although
the addition of both FG and WPMs caused a higher yield stress, the former had a relatively
larger effect. Both yield stress and strain increased with the addition of FG, whereas the
yield stress and strain increased and decreased with the addition of WPMs, respectively,
indicating that FG and WPMs influenced the structure of mayonnaises through different
mechanisms [49]. WPMs probably acted as an active filler to strengthen the structural
network of the samples. However, the slip between WPMs and the continuous phase
might occur under the high strain, leading to reduced yield strain [50]. On the other hand,
entangled linear FG macromolecules could bear a larger strain due to the formation of a 3D
network [51].

Oscillatory shear testing was conducted at the linear viscoelastic region. During the
frequency sweep, the storage moduli of all samples were higher than the loss moduli,
indicating that solid-like properties dominated in the model mayonnaises. The frequency
sweep was conducted from the high to low frequency. At the high frequency, the samples
had lower storage and loss moduli, suggesting that the structure of the samples was
partially disrupted [52]. With the decrease of the frequency, the storage and loss moduli
gradually increased, indicating that this structural disruption was reversible. Moreover,
the addition of both FG and WPMs led to a lower phase angle (i.e., a higher elasticity)
(Figure S2), suggesting that the structure of the mayonnaise was enhanced by the addition
of FG and WPMs.

The instrumental texture of model mayonnaises was measured using the back extru-
sion test. The peak force, positive area, negative peak force and negative area represent
hardness, consistency, adhesiveness and cohesiveness, respectively. As shown in Figure 5,
these instrumental textural parameters were enhanced by the addition of FG and WPMs.
FG was capable of enhancing textural properties more effectively, which was similar to
its effect on rheological properties. A low concentration of WPMs had a limited effect on
textural properties. When WPM concentration reached 16 wt%, the enhanced effect became
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evident probably because of the interparticle interactions and the particle-continuous phase
interactions, which was consistent with the results of rheological properties.
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Figure 4. (a) Viscosity vs. shear rate flow curves of model mayonnaises, (b) strain amplitude sweep
of model mayonnaises in the oscillatory shear test, (c,d) frequency sweep of model mayonnaises in
the oscillatory shear test.

The microstructure of model mayonnaises is shown in Figure 6. The oil droplet size of
model mayonnaises was of several microns to ~20 microns. With the addition of WPMs, the
oil droplet size decreased because of the emulsifying role of WPMs in emulsion formation,
i.e., WPMs adsorbed on the oil-water interface (Figure 6a–d). At the high concentration
of WPMs (16 and 24 wt%), the aggregation of WPMs occurred with the formation of the
network (Figure 6d), which explained that WPMs could significantly enhance rheological
and textual properties at the high concentration. Moreover, oil droplets were deformed
into a non-spherical shape, although the oil volume fraction (15%) was much lower than
74%, suggesting that FG and WPMs could affect structural and rheological/mechanical
properties through a mechanism similar to the compact packing of oil droplets.
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letters above the bars indicate significant difference at p < 0.05.
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+ 0 wt% WPMs, (b) 0.3 wt% FG + 8 wt% WPMs, (c) 0.3 wt% FG + 16 wt% WPMs, (d) 0.3 wt% FG +
24 wt% WPMs, (e) 0.6 wt% FG + 0 wt% WPMs.

28



Foods 2022, 11, 282

The centrifugation stability of model mayonnaises is illustrated in Figure 7a. After
centrifugation at 4000 rpm, phase separation occurred in model mayonnaises containing
0.3 wt% FG; the samples containing 0.6 and 0.9 wt% FG remained stable. With increasing
centrifugation speed to 8000 rpm, severe phase separation occurred in the 0.3 wt% FG
samples. Slight phase separation occurred in the 0.6 wt% FG samples. With the addition
of 0.9 wt% FG, the mayonnaises were stable. The stability of model mayonnaises during
storage is shown in Figure 7b. Creaming occurred in the samples containing 0.3 wt%
FG + 0 wt% or 8 wt% WPMs after 27 days of storage, whereas the samples containing
0.3 wt% + 16 or 24 wt% WPMs were stable. All other samples were relatively stable during
storage. The role of FG and WPMs in stabilizing model mayonnaises could be ascribed to
the increase of bulk viscosity [53,54]. Moreover, the reduction of oil droplet size induced by
the addition of WPMs also contributed to the stability of model mayonnaises.
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3.3. Sensory Texture of Model Mayonnaises

Sensory evaluation of mayonnaise texture was conducted in three stages: (1) extra-
oral; (2) intra-oral; (3) after-feel (Figure 8). Firmness perceived by stirring the samples
increased significantly with FG concentration, whereas the effect of the addition of WPMs
on firmness was not significant (Figure 8a). Fluidity in the mouth significantly decreased
with FG concentration (Figure 8b). Interestingly, panellists could perceive the fluidity
difference between 0.3 wt% FG samples containing different WPM concentrations. With
increasing FG concentration, the fluidity difference generated by the addition of WPMs
was neglected by panellists because of the much larger contribution of FG to fluidity.
Spreadability significantly decreased with FG concentration (Figure 8c). The addition of
WPMs also significantly reduced spreadability, regardless of FG concentration, suggesting
that a direct relationship existed between spreadability and viscosity [55]. When model
mayonnaises were spread into a thin film, panellists could hardly perceive graininess for all
samples (Figure 8d), suggesting that the size and mechanical strength of WPMs were below
the perceived threshold [56,57]. FG was the key factor generating perceived mouth-coating
(Figure 8e). WPMs had a limited effect on perceived mouth-coating of model mayonnaises,
although this effect was more significant at a low FG concentration (0.3 wt%).

Creaminess increased greatly with FG concentration (Figure 8f). Although there was
no difference in statistics, creaminess increased with the addition of WPMs, which was in
agreement with previous studies. For example, Liu et al. reported that microparticulated
whey protein contributed to fat-related sensations (e.g., creaminess and fattiness) through
enhancing lubrication properties [20]. Moreover, the addition of microparticulated whey
protein significantly enhanced creaminess of low-fat yogurts, the effect of which depended
on their particle size [58]. Creaminess represents an overall sensory texture, which is a
combination of different textural perceptions [59,60]. As shown in Table 3, creaminess had
a linear negative correlation with firmness, fluidity and spreadability, while it had a linear
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positive correlation with mouth-coating. This suggests that thickness perception (i.e., lower
fluidity and spreadability) and sticky mouth-coating could be the key factors giving rise to
creaminess. Meanwhile, this strongly supports that creaminess is a combination of complex
textural attributes.
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Figure 8. Sensory texture of low-fat model mayonnaises: (a) firmness, (b) fluidity, (c) spreadability,
(d) graininess, (e) mouth-coating, (f) creaminess. Different letters above the bars indicate significant
difference at p < 0.05.

Table 3. Correlation between creaminess and extra- and intra-oral textural attributes.

Extra-Oral Intra-Oral

Creaminess
Firmness Fluidity Spreadability Mouth-Coating

−0.986 ** −0.994 ** −0.992 ** 0.970 **
** indicates significant difference at p < 0.01.

3.4. Correlation between Creaminess and Rheology/Instrumental Texture

Viscosities of the 12 samples at different shear rates were used to analyze their correla-
tion with creaminess (Table 4). The results showed that creaminess had a linear positive
correlation with the viscosity measured at different shear rates. Although the change in
viscosity in the model mayonnaise systems was driven by different mechanisms (e.g., active
fillers and entangled linear macromolecules), viscosity that represents the bulk properties
could reflect the sensory creaminess of mayonnaises to a relatively high extent. This was
in agreement with a previous study on protein beverages, with a key finding that the
primary effect on viscosity-related sensory properties (e.g., creaminess, consistency and
mouth-coating) was because of increased viscosity for a wide range of viscosity levels [61].
Strong correlation between viscosity and creaminess was also found in other emulsion-
based foods, e.g., low-fat yogurts and custards [49,58]. Textural parameters measured by
the texture analyzer using different methods (e.g., TPA and back extrusion) are widely used
to predict the sensory properties of semisolid and solid foods [62,63]. There was a linear
positive correlation between creaminess and four instrumental texture parameters (i.e.,
hardness, consistency, cohesiveness and adhesiveness), suggesting that instrumental tex-
ture measured at large deformations could reflect the creaminess of mayonnaises to some
extent [24]. Recently, Conti-Silva et al. investigated the correlations between instrumental
texture and oral viscosity using eight different food samples, i.e., water, condensed milk,
strawberry yogurt, honey, creamy dairy dessert, UHT cream, petit suisse strawberry flavor,

30



Foods 2022, 11, 282

and dulce de leche [64]. The authors found that oral viscosity was positively correlated
with positive areas from the curves obtained in the back extrusion test.

Table 4. Correlation between creaminess and instrumental texture parameters/viscosities at different
shear rates.

Shear Rate (s−1) R2 Instrumental Texture R2

1 0.977 ** Hardness 0.990 **
10 0.992 ** Consistency 0.988 **

100 0.992 ** Adhesiveness 0.985 **
1000 0.986 ** Cohesiveness 0.984 **

** indicates significant difference at p < 0.01.

4. Conclusions

The addition of FG and WPMs enhanced the rheological and textural properties
of model mayonnaises; this effect was largely attributed to the addition of FG, which
probably formed an entangled 3D network. WPMs worked as active fillers and influenced
rheological/textural properties through the interparticle interactions and the particle-
continuous phase interactions at a relatively high concentration. We found that apparent
viscosities measured at different shear rates and instrumental texture parameters measured
by the back extrusion test had a linear positive correlation with creaminess. Moreover,
creaminess was highly correlated to extra- and intra-oral textural properties, suggesting
that creaminess in the context of texture is a reflection of overall textural perceptions. In
particular, the thick perception (low fluidity and spreadability) and sticky mouth-coating
were important factors giving rise to creaminess. In future studies, the synergistic effect of
FG and WPMs on the tribology of low-fat mayonnaises and its correlation with textural
perception will be investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11030282/s1, Figure S1: Photographs of the heat-set whey
protein gels containing different CaCl2 concentrations; Figure S2: Phase angle of low-fat mayonnaises
in the oscillatory shear test with the frequency sweep; Table S1: Average particle size (D4,3) of whey
protein microparticles after homogenization at different speeds.
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Abstract: The functional and sensory properties of food emulsion are thought to be complicated and
influenced by many factors, such as the emulsifier, oil/fat mass fraction, and size of oil/fat droplets.
In addition, the perceived texture of food emulsion during oral processing is mainly dominated by its
rheological and tribological responses. This study investigated the effect of droplet size distribution as
well as the content of oil droplets on the lubrication and sensory properties of o/w emulsion systems.
Friction curves for reconstituted milk samples (composition: skimmed milk and milk cream) and
Casein sodium salt (hereinafter referred to as CSS) stabilized model emulsions (olive oil as oil phase)
were obtained using a soft texture analyzer tribometer with a three ball-on-disc setup combined with
a soft surfaces (PDMS) tribology system. Sensory discrimination was conducted by 22 participants
using an intensity scoring method. Stribeck curve analyses showed that, for reconstituted milk
samples with similar rheological properties, increasing the volume fraction of oil/fat droplets in the
size range of 1–10 µm will significantly enhance lubrication, while for CSS-stabilized emulsions, the
size effect of oil/fat droplets reduced to around 1 µm. Surprisingly, once the size of oil/fat droplets
of both systems reached nano size (d90 = 0.3 µm), increasing the oil/fat content gave no further
enhancement, and the friction coefficient showed no significant difference (p > 0.05). Results from
sensory analysis show that consumers are capable of discriminating emulsions, which vary in oil/fat
droplet size and in oil/fat content (p < 0.01). However, it appeared that the discrimination capability
of the panelist was significantly reduced for emulsions containing nano-sized droplets.

Keywords: oral lubrication; oral tribology; food emulsions; droplet size distribution; food sensory

1. Introduction

Awareness of the critical importance of diet on human health and wellness is growing
among consumers, especially due to well-reported evidence showing excessive calorie
intake could lead to occurrence of obesity, high blood pressure, and cardiovascular dis-
eases [1,2]. The food industry has, therefore, been actively seeking new techniques and
food formulations of calorie reduction, such as low-fat or fat-free versions of traditional
food products that maintain their sensory properties [3–5]. However, removing or reducing
the amount of oil/fat in food systems is not as easy as it seems to be, simply due to the
multiple roles of oil/fat in food formulations, particularly when the oil/fat is in a dispersed
status and functions as a structural component of the matrix. Any small change in the
mass fraction and droplet size distribution of oil droplets, the type and concentration of
emulsifier, will alter the physico-chemical properties of the emulsion [3]. For example, fat
droplets can affect the appearance (optical properties) [6], flavor characteristics (molecular
distribution) [7,8], texture properties (rheology, tribology) [9], and shelf life (stability) [10]
of food emulsions. In relation to texture and mouthfeel, oil/fat provides at least three
basic functional roles: (1) as a filler ingredient to alter microstructure and rheology of such
systems; (2) adsorption on the tongue surface for enhanced oil/fat sensation; and (3) as a
particulate component to improve lubricating properties [11,12].
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In past decades, rheology has been taken granted as a ‘gold standard’ instrumental
technique for mapping or predicting the perceived texture and mouthfeel of liquid prod-
ucts [13–15]. However, as liquid and semisolid food are squeezed and rubbed between
the tongue and hard plate during oral processing, the traditional rheology approach was
found limited in explaining the perception of such as smoothness, creaminess, greasiness,
etc. Instead, growing evidence shows that the lubrication behavior in the oral cavity plays
a dominating role in influencing oral sensation and sensory perception [16–18]. In a typical
tribological measurement, consisting of two surfaces lubricated by a Newtonian fluid, a
Stribeck curve can be obtained to give the relationship between the friction coefficient and
the thickness of the lubricating film [19–21]. If one of the surfaces is soft and deformable
(i.e., tongue against hard palate), it is a soft-contact lubrication. Three different lubrication
regimes have been established for a typical Stribeck curve: the boundary regime at low
thickness of the lubricating film, the mixed regime at medium thickness, and the hydrody-
namic regime at high thickness. The underlying mechanisms of lubrication regimes have
been well described by a number of researchers [17,22–24].

Since the sensory mouthfeel of a food emulsion is closely linked to its rheological
and tribological properties, it is now commonly accepted that oil/fat volume fraction,
size of oil/fat droplets, and the viscosity of the emulsion will have direct impacts on
the lubrication behavior and the perception of fat-related sensory attributes of such sys-
tems [25]. Malone et al. confirmed many years ago that correlations existed between
sensory-perceived slipperiness and friction coefficients for biopolymer solutions [26]. A re-
cent study by authors’ group investigated the lubrication properties of emulsions stabilized
by different emulsifiers [27], observing a good correlation between the sensation of finger
and oral smoothness and the measured friction coefficient, which suggests that smoothness
perception is mainly driven by tactile sensation. Chojnicka-Paszun et al. demonstrated a
significant correlation between creamy attributes and the friction coefficient measured on
soft rubber surfaces [28]. They suggested that creaminess is best predicted by the friction
obtained at low speeds (comparable with the speed in the mouth) that corresponded to
the boundary lubrication regime. However, the literature research findings are not always
straightforward and consistent. For example, some researchers noted that the oil/fat
volume fractions seem to have little effect on the lubrication behavior in the boundary
regime, while increasing the oil/fat volume fractions of o/w emulsion system, resulting in
an earlier shift from boundary to mixed regime [10,27]. A study by Laguna et al. showed
that in vitro lubrication tests failed to distinguish milk samples containing different mass
fractions of fat while untrained panelists were able to [25]. In addition to the oil/fat mass
fraction, it has been found that the coalescence of fat droplets during oral processing may
led to a decrease in friction coefficient and an increased perception of fat-related sensory
attributes, such as creaminess [29]. An increased, effective oil/fat volume fraction and the
increased viscosity could be the reasons behind this observation [7]. The presence of saliva
may increase the friction of the system through the flocculation phenomenon for positively
charged droplets or promote the adherence of saliva proteins to the substrate for negatively
charged emulsions, both resulting in a stronger correlation of perceived graininess and
fattiness to tribological properties [30–32].

Most of the previous tribological studies examined the effect of the oil/fat volume
fraction on the lubrication behavior of liquid dairy products or model emulsion systems.
However, the size effect of dispersed fat droplets on the lubrication behavior and sensory
perception appears to be somewhat contradictory in the literature. It has been specu-
lated that decreasing the oil droplet size at constant oil volume fraction could increase
the perceived creaminess [33], while others discovered contradictory phenomena, show-
ing that the clustered emulsion has significantly higher creaminess intensity than single
droplets [32]. Therefore, in this study, we choose two o/w emulsion systems as major
research objects (commercial dairy products composed of skimmed milk and milk cream;
model emulsion composed of CSS and olive oil), with the objective to reveal the effect
of the size of the fat droplet on the in vitro lubrication behavior of emulsions and then
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to investigate possible applications of the tribological approach in assessing the texture
perception of food emulsions.

2. Materials and Methods
2.1. Sample Preparation

Pasteurized skimmed milk with fat content of 0% (w/w) (Avonmore, China Resources
Wufeng Distribution (Shenzhen) Co., Ltd., Shenzhen, China) and milk cream with fat
content of 35% (President, Angliss (Shanghai) Food Co., Ltd., Shanghai, China) were mixed
in order to obtain reconstituted milk samples with specified fat contents of 0.3, 0.7, 2.0,
3.5, and 7.5 wt.%, respectively. The reconstituted milk samples (o/w emulsion) were first
sheared using an Ultra-Turrax (Polytron, Kinematica AG, Lucerne, Switzerland) at 3000 rpm
for 120 s (first stage) and homogenized using a high-pressure homogenizer (HPH—second
stage). Samples with different fat droplet size distribution were obtained by adjusting the
operating pressures (bar) and time (s) of the high-pressure homogenizer (AH-BASIC, ATS,
Canada). The thickened samples were obtained by adding 1.4 wt.% commercial thickener
(Ourdiet Swallow®, Guangzhou Ourdiet Biotechnology Co., Ltd., Guangzhou, China) into
the prepared reconstituted milk samples at room temperature under magnetic stirring,
then treated by Shear homogenizer at 3000 rpm for 120 s, accelerating the dissolution of
thickener. In accordance with the specification of the manufacturer, the main ingredients of
the thickener are xanthan gum (60%) and maltodextrin (28%).

The abbreviation used in the following text: reconstituted milk samples with different
fat content homogenized under an Ultra-Turrax were labeled as ‘Fat content-Shear’, but
samples which were homogenized under high pressure were labeled as ‘Fat content-HPH’.
Samples with the addition of thicker were labeled as ‘Fat content-thicken-Shear/HPH’.

Model oil-in-water emulsions, consisting of 7.5 wt.% olive oil and 92.5 wt.% aqueous
phase containing 1 wt.% Casein sodium salt (Sigma Aldrich, Auckland, New Zealand),
were prepared by pre-homogenizing the ingredients using an Ultra-Turrax. Emulsions of
different fat droplet size were obtained by adjusting the operating pressures (bar) and time
(s) of the high-pressure homogenizer.

2.2. Droplet Size Studies

The droplet size distribution of all the samples was measured using a laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Instruments, Ltd., Worcestershire, UK).
Freshly prepared emulsion samples were gently stirred and diluted by adding small
droplets (about 30 µL) into a measurement chamber containing water, until the instrument
gave an optimum obscuration rate around 10%. The optical model used to resolve the
droplet size distribution from scattering data used a refractive index of 1.33 for the aqueous
phase and 1.43 for the fat/oil phase (emulsions). Analysis was set for a regular round
droplet and measured in quintuplicate for determinations for all samples. An averaged
size distribution was obtained for each sample, and both the Sauter mean d3,2 and the 90th
percentile (d90) were used to compare differences in the surface-weighted droplet size and
distribution of coarser droplet, respectively.

2.3. Flow Behavior and Apparent Viscosity

The rheological properties of reconstituted milk and model oil-in-water emulsions
were measured using a rotational rheometer (Discovery Hybrid Rheometer-2, TA Instru-
ment, New Castle, DE, USA). All the measurments were carried out by using a cone-and-
plate geometry (diameter: 40 mm, angle: 2.017◦, operating gap: 55 µm) under the flow
ramp, with shear rate ranging between 0.01 and 1000 s−1. All the samples were equilibrated
at 25 ◦C before measurement. After being loaded, each sample was equilibrated again for
60 s at 25 ◦C before test was started. All measurements were performed in triplicate. The
results indicated that samples of both types are typical non-Newtonian and, therefore, the
apparent viscosity at 50 s−1 was used for the analysis of the tribological data.
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2.4. Tribology Measurement

Tribological measurements were carried out using a Soft TA-Tribometer (STAT). This
device was developed based on a commercial texture analyzer TA, XTPlus (Stable Mi-
cro Systems, Surrey, UK), with a specially designed fixture attached to it. Details of an
experimental setup have been given previously [34], following the operating principles
described before [21]. Figure 1 shows the schematic diagram of the used tribometer; briefly,
a soft probe containing three PDMS hemispheres was used to represent the hard palate,
and PDMS substrate was used to represent the human tongue surface. The temperature
of 25 ◦C was chosen for tribological measurements, to be in line with the temperature at
which the samples were prepared, and Stribeck curves were obtained using a set of sliding
speed between 0.1 and 20 mm/s. A normal force of 0.0394 N was applied for tribology
measurement. For each measurement, about 6 mL of test sample was transferred onto
the surface of a silicone elastomer using a disposable pipet, giving a thickness of fluid
film around 2.5 mm. Care must be taken to ensure no air bubble was created during
sample transition.
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Figure 1. An illustration of the experiment setup ‘Soft Texture Analyzer Tribometer’.

Test data (force, distance, and speed, as well as time) were recorded automatically
by the Exponent software (Exponent, Stable Microsystems, version 6.1.9.0, London, UK).
Dividing the friction force (N) by the surface load (N) gives the apparent friction coefficient.
However, for convenience, all apparent friction coefficients were expressed as friction
coefficient in this work, a general practice, which is widely accepted in the literature.
Results were the average ± the standard deviation of at least three replicate runs conducted
for each experiment.

2.5. Sensory Analysis

Reconstituted milk and thickened samples were evaluated by 22 pre-trained panelists
(11 males, 11 females, mean age: 23 years) at the Laboratory of Food Oral Processing, School
of Food Science and Biotechnology, Zhejiang Gongshang University. All experiments were
performed in compliance with the relevant laws, and an ethical approval was given for this
study by the Research Ethics Committee of the Zhejiang Gongshang University (Approval
Code: 2020041011). As a selection criterion, all participants were frequent milk drinkers,
both of skimmed and full-fat milk. Assessors were asked to refrain from eating and drinking
at least 2 h prior to sensory analysis, except for water. They received instructions regarding
the evaluation procedure in both written and verbal formats, prior to sample evaluation.
All assessors were comprehended about the triangle test and the rating system. A signed
consent form was obtained from each subject before the experiment officially started. All
experiments were carried out in a specially designated laboratory, where temperature and
light intensity can be adjusted. The sensory test consists of two different parts:
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2.6. Triangle Test and Intensity Scoring with Sensory Descriptors

In the first session, assessors were presented with two sets of milk samples simulta-
neously, each consisting of three samples of reconstituted milk or thickened fluids. Same
mean droplet size, d90 = 0.3 µm, was maintained for each set of samples, but with varied
fat content (either 2% or 7.5%).

In the second session, assessors were also presented with two sets of milk samples
simultaneously, consisting of reconstituted milk and thickened fluids. Each set (with same
fat content 7.5%, differed with droplet size,) consisted of three samples with the same fat
content of 7.5 wt.%. Mean droplet size was set at either d90 = 0.3 µm or d90 = 3.5 µm, re-
spectively. Two of the samples have the same fat droplet size, but the other one is different.

During sensory analysis, all assessors wore nose clips to prevent odor interference.
Assessors were asked to sit still in a natural and comfortable manner, while they were
guided to deposited 2 mL sample onto the top surface of the tongue. The assessors were
asked to move the tongue tip against the palate in a parallel motion (to mimic a sliding
movement), while ensuring no swallowing of the sample occurred. They were then asked
to spit the sample into the wash basin after 3 s. Between each sample, bottled water was
used for mouth cleansing. Assessors were allowed to repeatedly test the same sample, but
trials should be no more than three times. After assessing all three samples, the assessor
was then requested to determine which one was the odd sample. Assessors were also
asked to discriminate samples using the attributes provided on the paper ballot and/or
provide other sensory feelings they may experience. A six-point analytical rating scale with
descriptions of degrees of each attribute was also provided, and subjects gave a mark for
each sensory attribute on the scale. The ratings were then converted to a number between
0 (left) and 5 (right) (0 = not at all and 5 = very). Sensory attributes for assessment include
smoothness, creaminess, and thickness. Smoothness was assumed to be proportional
to the perceived friction force from the hard palate moving against the tongue surface.
Creaminess was defined as the perception of ‘oiliness’ in the mouth and the degree of
mouth coating. Thickness was defined as the sensed resistance to flow in the mouth.

2.7. Statistical Analyze

Statistical analysis was performed by SPSS software Version 25 (IBM, Chicago, IL, USA).
The Shapiro–Wilk normality test was used to determine the normality; otherwise, a non-
parametric test was used to analyze the differences between groups. Analysis of variance
(ANOVA) and a nonparametric test (Mann–Whitney U Test) were used to determine the
significance of difference between the friction coefficient and averaged sensory attributes.

3. Results and Discussion
3.1. Emulsion Characteristics

As the droplet size distribution might influence the texture and sensory perception,
it is one of most important parameters that describe emulsion systems. The droplet
size distribution data, for further analysis, was commonly presented by the form of its
intensity and number as well as volume [35,36]. In this study, we presented the data with
volume intensity for a clear observation. The droplet size distributions of reconstituted and
thickened milk samples obtained after different homogenization procedures are shown
in Figure 2, where volume density is plotted against the droplet size for selected milk
samples (specific compositions of tested samples are shown in Table 1). As expected, the
volume fraction of reconstituted milk samples (0.3, 0.7, 2, 3.5, 7.5 wt.% fat) homogenized
using a shear homogenizer showed bimodal distribution, with its first peak occurring
between 0.01–1 µm and its second peak between 1–10 µm. Thickened samples with fat
content of 3.5 and 7.5 wt.% showed multimodal distribution with a third peak at 10–100 µm
(Figure 2A,B). Figure 2C shows the fat droplet distribution of reconstituted and thickened
milk samples after high-pressure homogenization. Typical monomodal distribution was
observed for these samples, though a small tail was observable for samples containing
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3.5% and 7.5% fat. The measured mean droplet size shows no statistical difference (p > 0.05)
among these samples (see Figure 2C).
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Table 1. Composition of reconstituted milk and thickened samples.

Sample Name Protein Concentration
(wt.%)

Fat
Concentration

(wt.%)

Xanthan
Concentration

(wt.%)

0.3%Fat-Shear/HPH 3.74 0.30

None
0.7%Fat-Shear/HPH 3.57 0.70
2.0%Fat-Shear/HPH 3.51 2.00
3.5%Fat-Shear/HPH 3.44 3.50
7.5%Fat-Shear/HPH 3.25 7.50

0.3%Fat-T-Shear/HPH 3.74 0.30

0.86
0.7%Fat-T-Shear/HPH 3.57 0.70
2.0%Fat-T-Shear/HPH 3.51 2.00
3.5%Fat-T-Shear/HPH 3.44 3.50
7.5%Fat-T-Shear/HPH 3.25 7.50

It is not yet fully certain what causes bimodality in Figure 2A,B. However, according to
Laguna et al., the first peak in both the milk and thickened milk samples could correspond
to free casein micelles, and the second one represents the fat globules [25]. Commercial
dairy colloids, such as whole fat milk and milk cream, stabilized by milk globulin, are
generally very stable, with almost no coalescence of the droplets in the presence of sufficient
emulsifiers [37,38]. In the case of reconstituted milk, visual observations showed that no
destabilization occurred over the timescales of the experimental tests. However, the
addition of xanthan gum could lead to structural alteration to the colloidal system. It has
been reported that, at a certain concentration, xanthan gum may promote flocculation of
fat droplets and inhibit emulsification of fat by a depletion mechanism [39]. Thus, we
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intend to believe that the third peak in Figure 2B could be caused by the clusters of the
fat droplets.

Figure 3 shows the flow curves of reconstituted milk and thickened samples, where the
apparent viscosity of the milk sample is shown as a function of the applied shear rates. The
rheology measurement was conducted over shear rates between 1 and 100 s−1, of similar
order to the shear rate present in the tribological contact. Both types of systems exhibited a
typical shear-thinning behavior, a decrease in apparent viscosity with increased shear rate,
which is in good agreement with a previous study [40]. A milk sample, with a different fat
mass homogenized using Ultra-Turrax (Shear), showed a weak shear-thinning effect and
had a low viscosity (<0.01 Pa·s); an increase in fat mass fraction from 0.3 to 7.5% only had
a marginal effect on viscosity increase (Figure 3A), which is in agreement with previous
reports [25,28]. However, milk samples homogenized by HPH had significantly higher
apparent viscosity compared with shear-homogenized samples. The former also had an
obvious shear-thinning behavior, indicating that there are attractive interactions between
the fat globules, probably caused by depletion forces induced by the casein micelles [41].
The flow curves of thickened milk are shown in Figure 3B. It is interesting to see that
flow curves are very much overlapping; the addition of commercial thickener (xanthan)
increased the viscosity of emulsion from 0.005~0.5 Pa·s to 0.1~6 Pa·s and controlled flow
characteristics of the system. Compared with the unthickened samples in Figure 3A, the
homogenization methods and fat content seem to have very limited effect on the rheology
behavior of thickened samples. Table 2 shows droplet size and apparent viscosity at 50 s−1

for emulsion systems with and without thickening. One can see that the apparent viscosity
only showed a slight increase (but with no statistical significance, p > 0.05) for a nearly
two-magnitude reduction of fat droplet size.
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Table 2. Apparent viscosity (Pa·s) measured at 50 s−1 of milk samples with constant fat content and 
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Figure 3. Flow curves for reconstituted milk (A) and thickened samples (B) with fat mass fractions of
0.3, 0.7, 2.0, 3.5, and 7.5 wt.%.

Table 2. Apparent viscosity (Pa·s) measured at 50 s−1 of milk samples with constant fat content and
various droplet size distribution.

7.5 wt.% Milk 7.5 wt.% Thickened Milk

Fat Droplet Size
(d90, µm)

Viscosity (50 s−1)
(Pa·s)

Fat Droplet Size
(d90, µm)

Viscosity (50 s−1)
(Pa·s)

4.617 0.00915 20.733 0.153
2.370 0.00855 8.686 0.163
0.990 0.00939 4.070 0.151
0.299 0.0111 1.460 0.169

0.301 0.213
Significance None None
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3.2. Tribology: Lubrication Behavior of Milk and Thickened Milk Samples

Figure 4 shows the friction curves for all samples, in which the friction coefficient
is plotted as a function of the sliding speed. We can see that two lubrication regimes,
the boundary regime and the mixed regime, are clearly identifiable in most cases. The
boundary regime at low sliding speeds has a friction coefficient nearly independent of the
speed. At this regime, the load is supported by the asperity contact due to the absence of
hydrodynamic pressure. At higher sliding speeds, the two surfaces start to separate from
each other, and the lubrication effect starts to kick in, where a reduced friction coefficient
becomes obvious for all sample systems.
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Figure 4. Stribeck curves for reconstituted milk and thickened samples, (A,B) with fat mass fractions
between 0.3 and 7.5 wt.%, (C,D) with constant fat mass fraction of 7.5% and varied fat droplet size
distribution. Lubrication tests were conducted at 25 ◦C and under a constant surface load of 0.0394 N.

3.2.1. Effect of Oil/Fat Mass Fraction on Lubrication Behavior

Figure 4A shows the Stribeck analysis for the milk samples. It is interesting to note
that skimmed milk has the highest friction coefficient. It is also interesting to note that the
presence of a small amount of fat droplets (i.e., 0.3%) can lead to a significant reduction of
the friction coefficient at the boundary regime. This seems to suggest that a thin layer of
emulsion film is sufficient to create a significant lubricating effect at low sliding speed [28].
However, it is also clear that the thin layer is not sufficient at this regime to create a floating
pressure against the load for systems containing 3.5% fat and lower, probably due to
the low viscosity of such systems [21]. For the highest fat content, it was found that the
friction coefficient was significantly lower than that of all other systems, over the whole
investigated range of sliding speed.

At higher sliding speeds, the friction coefficient started to decrease due to the capability
of emulsion lubricant to separate two surfaces with a higher hydrodynamic pressure.
Nonetheless, as discussed in Section 3.1, the changes in viscosity were only fractional.
Therefore, we intend to believe that lubricant viscosity is not the main cause for the
observed reduction of friction coefficient. The transition from boundary to mix regime
at lower sliding speeds for high fat content sample is caused by the entrainment of fat
droplets between the two surfaces, and the lubrication effect became evident.
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Figure 4B shows the friction curves for thickened milk samples containing various
amount of fat droplets, where thickened water was also shown as a reference. A pro-
nounced lubricating effect was observed for such systems, with (1) a much smaller friction
coefficient; and (2) a much earlier transition (at a lower sliding speed) from the boundary
regime to the mixed regime. Most shocking, friction reduction was observed for the one
containing 7.5 wt.% fat. Its friction curve remains very low and flat over the whole range
of sliding speed (from 0.1 mm/s to 20 mm/s), convincingly indicating the formation of
an effective lubricating film between the two moving surfaces. It is, therefore, reasonable
to conclude that, compared with the reconstituted milk system, a thickened system with
an increased viscosity leads to a higher hydrodynamic pressure, which may promote the
entrainments of fat droplets into the lubricating interface, creating a significant reduction
of the friction coefficient. The above results seem to be in line with those obtained by
Chojnicka-Paszun and de Jongh, who suggested that the addition of xanthan gum might
mask surface roughness and improve lubrication [42]. Moreover, the study conducted by
Bongaerts confirms the importance of lubricant viscosity on friction behavior; high viscosity
is no doubt the main reason enhancing the lubricating effect [19], and this conclusion is
consistent with the friction curve in Figure 4A,B (the sample had various viscosity under
the same fat content). However, the friction curves were various among different samples
even when the viscosity of the tested system is similar (Figure 3B), suggesting that the
tribological property of emulsion is not only determined by viscosity.

3.2.2. Effect of Oil/Fat Droplet Size on Lubrication Behavior

In addition to fat content, the fat droplet size has also been investigated for its effect
on lubrication behavior, and the results are shown in Figure 4C,D. Bear in mind that these
systems have rather similar rheological behavior and comparable shear viscosity (see
Figure 3). However, it is striking to see hugely different Stribeck curves for these systems.
The friction coefficient varies almost one order of magnitude at all experimental speeds.
Larger droplet size seems to be beneficial and more efficient in friction reduction. For
systems with similar viscosity (see Table 2), samples with larger fat droplets had a lower
friction coefficient than those with smaller droplets as well as a prolonged boundary regime.
This seems to further suggest that larger fat droplets are easier to be squeezed and entrained
into the lubricant gap, and, as such, coalescence and accompanying film formation might
occur more easily [32]. Investigations by Laguna et al. indicated that fat droplets could
coalesce within the tribological contact surfaces, reducing the traction coefficient until a
sufficiently high shear is established to disrupt any boundary layers [25]. Their result
seems to suggest that, under inferior sliding speeds (compared to 1–1000 mm/s), boundary
lubrication mediated mechanisms may not exist.

The results shown above demonstrate that increasing the mass content of fat droplets,
with both a droplet distribution between 0.01 µm and 10 µm and droplet clustering
(10–100 µm), can improve the lubricating effect. In order to identify the optimal distribu-
tion range of fat droplets for an enhanced lubricating effect, a series of milk and thickened
samples with matching droplet size distribution have been fabricated using HPH with
droplet size d90 = 0.3 µm (droplet size distributions are given in Figure 2D). Friction curves
for the above-mentioned samples are shown in Figure 5, with two distinguishable patterns
for the two different types of systems. The sample systems with a thickener addition show a
much lower friction coefficient than their counterpart samples. However, for the same type
of samples, the results seem to suggest that further reduction of droplet size may have little
effect on the lubrication behavior. This observation seems contradictory to the previous
report that dairy products with higher fat content should exhibit a superior lubricating
effect [10,28]. Data in Figure 5 show that both systems tested under a controlled surface
load of 0.0392 N do not appear to demonstrate a significantly lower friction coefficient
with an increasing mass fraction of fat in both the boundary and mixed regimes, with no
significant statistical difference (p > 0.5). For the effect of the speed of surface movement,
the friction coefficient only shows a slight decrease with the increase of sliding speed.
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25 ◦C and under surface load of 0.0394 N.

Based on the above results, one may conclude that the size of fat droplets is closely
associated with this frictional phenomenon. The effect of the presence of fat droplets
appears to be rather surprising: the presence of a small amount of fat content, i.e., 0.3%,
leads to a big friction reduction, yet a further increase in fat content of up to 7.5% gives
no further benefit. Given this, we hypothesize that the presence of fat droplets even in
a limited number leads to the entrainment between moving surfaces and may help to
promote lubricating effect. We further speculate that once enough droplets for entrainment
exist between the two surfaces, a further increase in the number of fat droplets gives no
further benefit in surface lubrication. This could be the reason that there was no further
friction coefficient reduction for a system with the fat content increased from 0.3% to 7.5%.
A similar observation was obtained by previous studies [25,43]. However, these authors
believed that the identical tribology curve was the result of using PDMS versus PDMS as
contact material. As the current study also used PDMS as medium, and the friction curves
were clearly distinguished for skimmed milk and milk containing 0.3% fat, we intend to
believe that substrate material is not the dominating cause, while droplet size is.

3.2.3. Relating Lubrication Behavior of Model Emulsion with Oil Droplet Size

The lubricating mechanism of milk fat droplet size was also conducted on vegetable
oil (olive). Prior to lubrication study, the flow behavior of CSS-stabilized emulsions has to
be investigated; the results are shown in Figure 6, so we can see that the apparent shear
viscosity against the shear rate exhibits a near-Newtonian flow behavior for all studied
systems. A mild influence of oil content and droplet size on shear viscosity is observable.
However, all emulsion systems have a relatively low viscosity, particular at the higher
end of shear rates. These results seem to be in contradiction with previous studies, where
almost all emulsion systems appear to have a significant increase in apparent viscosity
with the increase in fat content or fat droplet size [27,44]. The reason could be due to the
different shear rate range for observation. At a low shear rate when there is no disruption of
internal structure, the shear viscosity will generally show a very high value. Once internal
structure is disrupted at a high shear rate, viscosity increase will usually be diminished.
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Figure 6. Flow curves for CSS stabilized emulsions with oil mass fractions of 0.3, 0.7, 2.0, 3.5, 7.5, and
10 wt.%.

The lubrication behavior of the above emulsions has been carefully studied, and the
results are given in Figure 7, where the friction coefficient is plotted against the sliding
speed. As show in Figure 7A, friction curves show a high similarity for all emulsion
systems of the same droplet size distribution, yet with a different oil content (varying
from 0.3% to 10%) (p > 0.05). All systems show a monotonous decrease with the increase
of speed; however, no clear transition from boundary to mixed regime or from mixed
to hydrodynamic regime could be observed. Compared to the work of Upadhyay, the
measured friction was correlated negatively with the oil content (1–30%) and the friction
coefficient was significantly different (p < 0.05), despite four types of emulsifiers being
used [27]. It should be noted that the span of oil content in the study by Upadhyay was
much higher compared with our work. A high concentration of droplets may alter the way
of droplet entrainment during lubrication and, therefore, causes a considerable change to
lubrication behavior.
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Figure 7. Stribeck curves for CSS-stabilized o/w emulsions with oil mass fractions between 0.3 and 10 wt.% with the same
fat droplet distribution (A), with constant oil mass fractions 7.5% and varied oil droplet size distribution (B). Lubrication
tests were conducted at 25 ◦C and under surface load of 0.0392 N.

The friction curves of emulsion with the same oil content but different droplet size
distribution is shown in Figure 7B. It is interesting to see that, despite all emulsion systems
showing a gradual decrease in the friction coefficient with the increase in sliding speed, the
droplet size appears to have a significant influence on the friction coefficient. The friction
coefficient shows significant decrease, when increasing the droplet size over the whole
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range of the sliding speed, even when the volume fraction was the same. From the data in
Figure 7B, one may find that emulsions with a droplet size distribution d90 value at 1.5 and
2.8 µm have the optimal lubricating effect. Once the droplet size is larger than 4.5 microns,
inferior lubrication seems to become the case. The exact reason is not yet clear. However,
one possible explanation could be that large droplets may have difficulty for entrainment,
in particular when droplets are close in size to the thickness of the lubricating film. Another
possibility could be the limited number of available droplets for entrainment (since the
oil content remained the same for all emulsion systems). Nevertheless, our results again
suggest that appropriate droplet entrainment is the key for emulsion lubrication.

To take the results a step further, we combined the droplet size distribution and
friction results together for discussion (as shown in Figure 8). As described in Figure 7A,
the lubricating effect of nano-sized emulsion seems independent of fat/oil content; in other
words, adjusting the volume fraction of fat/oil droplets in the white area in Figure 8A
should not interfere with the friction curve. When the fat content is kept constant, increasing
the percentage of large oil droplets (show as the patterned area in Figure 8A,B) facilitated
the lubricating effect. However, once the droplet size reached d90 = 2.8, further increasing
the droplet size in the system (blue area in Figure 8C) seems to have little contribution to
the lubricating effect (Figure 8C).
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Figure 8. A schematic diagram showing the range of ‘lubricating fat droplets’ and its friction
curves. Figures with capitalized letter shows the droplets distribution of emulsion sample with
constant oil mass fraction but varied droplets size (A–C), figures with minuscules letter shows its
friction curve (a–c).

Based on the results shown above, a schematic representation of the ‘lubricating fat
droplets’ range was built, referred to as the red box in Figure 8C. The lubricating effect of
samples with fat droplet size, mainly distributed on the left and right sides of the red box,
appears to be poorer compared to samples whose fat/oil droplets are distributed within
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the red box. The distribution of the speculated range of oil droplets, which can facilitate the
lubricating effect, is in accordance with the work by Upadhyay and Chen, with normalized
oil droplet distribution (show in the insert picture in Figure 8C) and an increase in the oil
mass fraction from 1% to 30% demonstrating a significantly lowered friction coefficient,
although a different emulsifier was used [27].

3.3. Sensory Analysis

Discrimination and rating test analysis were used to collect sensory data; the three
most-used sensory attributes and paraphrases were selected and provided to consumers.
For a triangle test with total 22 responses, the minimum number of correct responses
required for significance at p < 0.001 and p < 0.01 is 15 and 12, respectively (ISO 4120:2021
Sensory analysis—Methodology—Triangle test). Table 3 shows that the number of panelists
who were able to discriminate between milk or thickened milk samples with constant fat
content or fat droplet size was statistically significant.

Table 3. Number of correct answers for sensory analysis using a discrimination test for milk and
thickened milk samples.

Sample Number of Correct Answers Total Responses

2%/7.5% fat milk with same fat
droplet size (d90 = 0.3 µm) 12 * 22

7.5% fat milk with different fat
droplet size (d90 = 0.3/3.5 µm) 13 * 22

2%/7.5% fat thickened milk with
same fat droplet size (d90 = 0.3 µm) 20 *** 22

7.5% fat thickened milk with
different fat droplet size

(d90 = 0.3/4 µm)
17 *** 22

* Significance at 5%, *** Significance at 0.1%.

As it can be observed in Table 3, for the discrimination ability by the panelists of re-
constituted milk with different fat content but with the same fat droplet size (d90 = 0.3 µm),
the number of correct responses just meets the significant level. In addition, for the
other three sets, panelists showed a higher discrimination capability. The selected sam-
ples were successfully differentiated in terms of thickness, creaminess, and smoothness
(p < 0.05). Figure 9 shows the average sensory attribute intensity scores with a standard
error for all samples.

A sensory discrimination of samples with the same droplet size distribution but
different oil content is shown in Figure 9A,C. The mean intensity rating of ‘smoothness’
did not show significant difference. This seems to agree with the lubrication results, where
the friction-overlapped curves were observed for these samples (Figure 5). However,
the emulsion of high oil content gives a significantly higher perception of ‘thickness’
and ‘creaminess’, with statistical significance. It suggests that perceived ‘thickness’ and
‘creaminess’ are the dominating sensory attributes used by panelists for discrimination of
these emulsion samples.

Figure 9B shows sensory results for milk samples with the same amount of oil volume
fraction (7.5%) but rather different droplet size distribution (d90 = 0.3 µm and 3.5 µm,
respectively). Significant differences in perceived intensity of ‘smoothness’ (p < 0.05) were
reported by the panelists, despite no significant differences in perceiving ‘thickness’ and
‘smoothness’. As expected, milk samples presenting high ranking in the ‘smoothness’
attributes depicted the lowest friction coefficient, as it was assumed to be negatively related
to the frictional force caused by contact between the two surfaces [45]. However, this trend
was not seen for further-thickened samples. As seen in Figure 9D, panelists appear to be
unable to differentiate between the smoothness of the two samples, despite the significant
difference in their friction behavior.
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As it can be observed in Table 3, for the discrimination ability by the panelists of 
reconstituted milk with different fat content but with the same fat droplet size (d90 = 0.3 
µm), the number of correct responses just meets the significant level. In addition, for the 
other three sets, panelists showed a higher discrimination capability. The selected samples 
were successfully differentiated in terms of thickness, creaminess, and smoothness (p < 
0.05). Figure 9 shows the average sensory attribute intensity scores with a standard error 
for all samples. 

 
Figure 9. Ranking of selected sensory attributes obtained for samples with constant droplets size 
but with different fat content (A,C), or with same fat content but various fat droplet size (B,D). * 
Significance at 5%, ** Significance at 1%. 

A sensory discrimination of samples with the same droplet size distribution but dif-
ferent oil content is shown in Figure 9A,C. The mean intensity rating of ‘smoothness’ did 
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Figure 9. Ranking of selected sensory attributes obtained for samples with constant droplets size
but with different fat content (A,C), or with same fat content but various fat droplet size (B,D).
* Significance at 5%, ** Significance at 1%.

A phenomenon worth noting is that compared to a sample with fat content of 2%,
panelists rated ‘creaminess’ significantly higher for samples with fat content of 7.5%
(Figure 9A,C); reduced fat droplet size also showed an enhanced ‘creaminess’ sensation
(Figure 9B,D) for samples with fat content of 7.5%, although it was not significant. It should
also be noted that ‘creaminess’ is a very complex, multimodal sensory attribute involving
olfactory, gustatory, and tactile cues [12]. Kokini first developed a texture-dominating
model which describes ‘creaminess’ as a function of ‘smoothness’ and ‘thickness’ [45].
However, Chen and Eaton later indicated that the perception of ‘creaminess’ is strongly
influenced by olfactory sensation [46]. Therefore, rather than a single stimulation, the
perceived ‘creaminess’ should be a combined result or an integrated result of multiple
sensations. Nevertheless, except for the negative correlation with droplet size-related
data, a sample with a higher ‘creaminess’ score also showed a higher apparent viscosity
(although not significant), which indicates a positive correlation between the ‘creaminess’
score and the rheology data, as observed by Sonne [47].

The results from the sensory test suggest that the panelists were able to differentiate
samples with the same droplet size distribution but with different levels of oil/fat content,
even though the perceived ‘smoothness’ may not play a dominant role in the discrimination.
For thickened samples, almost all panelists were able to identify the difference within
two sets of samples, mostly likely based on the perceived ‘thickness’ and ‘creaminess’.
Moreover, it was noticed that the xanthan addition could cause an undesirable ‘slimy’
feeling, which may interfere with the sensation of ‘smoothness’ attribute as reported by a
few participants. This may explain why milk samples with a similar ‘smoothness’ rating
have a very different in vitro lubrication behavior.

We should also bear in mind that saliva is a significant factor in the oral processing of
food and plays an important role in texture perception. During oral processing, oil droplets
may experience flocculation due to the participation of salivary proteins. Even though
the oral destabilization of food emulsions is beyond the scope of the current study, one
should be aware that the different environment between in vitro tribological tests and real
oral sensory analysis could also be an important reason for some discrepancy observed
between the two sets of results.
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4. Conclusions

Droplet size and oil/fat content are the two most important controlling factors for
the design and production of food emulsion, playing an equally important role as sur-
factants, particular in dairy and other o/w emulsion products. How such factors affect
the lubrication behavior and then oral sensation is a core question for oral lubrication
research of food emulsions. For this reason, this study has carefully reconstituted sets
of milk samples with carefully controlled oil/fat content and droplet size distribution as
well as shear viscosity; their lubrication behavior was carefully analyzed. Sensory analysis
has also been conducted, in trying to reveal the sensory meaning of the lubrication data.
Obtained Stribeck curves gave a clear discrimination for emulsions that vary in oil/fat
droplet size (but with constant fat content) and for emulsions that vary in oil content (but
with the same droplet size). Besides, results from this study demonstrated that droplet
size played an important role in the flow and friction behavior of o/w emulsion systems.
An increase in the volume fraction of oil/fat droplets within a certain range exhibits a
significant effect on the lubricating effect. Results from sensory analysis showed a majority
of panelists were able to discriminate milk samples with different lubrication behavior.
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Abstract: The structural and physicochemical characteristics of oil bodies from hemp seeds were
explored in this study. Oil bodies from several plant-based sources have been previously studied;
however, this is the first time a characterisation of oil bodies from the seeds of industrial hemp is
provided. The morphology of oil bodies in hemp seeds and after extraction was investigated using
cryo-scanning electron microscopy (cryo-SEM), and the interfacial characteristics of isolated oil bodies
were studied by confocal laser scanning microscopy (CLSM). Proteins associated with oil bodies
were characterised using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
The effect of pH and ionic strength on colloidal properties of the oil bodies was investigated. Oil
bodies in hemp seeds appeared spherical and sporadically distributed in the cell, with diameters of
3 to 5 µm. CLSM images of isolated oil bodies revealed the uniform distribution of phospholipids
and proteins at their interface. Polyunsaturated fatty acids were predominant in the lipid fraction
and linoleic acid accounted for ≈61% of the total fatty acids. The SDS-PAGE analysis of washed
and purified oil bodies revealed major bands at 15 kDa and 50–25 kDa, which could be linked to
membrane-specific proteins of oil bodies or extraneous proteins. The colloidal stability of oil bodies
in different pH environments indicated that the isoelectric point was between pH 4 and 4.5, where
oil bodies experienced maximum aggregation. Changes in the ionic strength decreased the interfacial
charge density of oil bodies (ζ-potential), but it did not affect their mean particle size. This suggested
that the steric hindrance provided by membrane-specific proteins at the interface of the oil bodies
could have prevented them from flocculation at low interfacial charge density. The results of this
study provide new tertiary knowledge on the structure, composition, and colloidal properties of oil
bodies extracted from hemp seeds, which could be used as natural emulsions or lipid-based delivery
systems for food products.

Keywords: hempseeds; physicochemical properties; oil bodies; oleosomes; structure; delivery
systems

1. Introduction

Hemp (Cannabis sativa L.) cultivars with less than 0.3% or 0.2% of delta-9-tetrahydrocan
nabinol (THC) are actively grown for several industrial purposes including food appli-
cations. Production of hemp seeds from these varieties is rapidly increasing because of
their great nutritional and functional value. The seeds from hemp are an excellent source
of dietary lipid, protein, and fibre. The oil extracted from the hemp seeds contains more
than 90% of polyunsaturated fatty acids (PUFAs) including two essential fatty acids (EFAs),
which are linoleic acid and α-linolenic acid [1,2]. The high PUFA and EFA contents of
hemp seed oil can improve health and development when included in the diet as EFAs
cannot be synthesised by the human body. Moreover, hemp seed oil has an ω-6/ω-3 fatty
acid ratio of around 2.5:1 that falls within the optimal balance of 2:1 and 3:1; this ratio is
considered essential for the metabolism of PUFAs [1]. In addition, hemp seed oil contains
bioactive compounds, such as tocopherols, flavonoids, chlorophyll pigments, and phenolic
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compounds [3]. Because of its high nutritive value, hemp seed oil shows great potential as
a bioactive food ingredient. The oil is usually extracted by cold-pressing to preserve its
bioactive compounds. Solvent extraction (usually carried out with hexane) is also used to
increase the yield and reduce the cost of extraction [2]. However, this makes the oil inedible
as it may result in oil degradation, having contaminants from residual solvents.

Within the seed, the oil is contained in small spherical intracellular organelles called oil
bodies [4,5]. An oil body consists of a hydrophobic triacylglyceride (TAG) core surrounded
by a complex membrane consisting of a monolayer of phospholipids embedded with
proteins, called oleosins, that play a role in their synthesis and stability [5,6]. Among
different species, the size of seed oil bodies varies but falls within a narrow range of
0.5–2.5 µm [4,7]. This narrow size range provides a large surface area for the attachment of
lipase during seed germination for rapid mobilisation of reserve TAGs [5]. The isoelectric
point of oil bodies generally ranges from 5.7 to 6.6 (which is close to the isoelectric point of
oleosin), indicating that they have a net negative charge at their surface at neutral pH [7,8].
This is due to the interaction of the negatively charged phospholipids with the positively
charged residues of the surface proteins [7]. The variation in the isoelectric point of oil
bodies from different species may be attributed to the differences in the extraction process
used for isolation since the chemicals used for extraction can remove the non-specifically
associated proteins on the oil body surface [9–12].

Oil bodies are present in abundant amounts in plant tissues and can be considered as
natural oil-in-water emulsions because of their unique structure [13,14]. The presence of
oleosin at the interface provides oil bodies with steric hindrance, protecting the phospho-
lipids against the action of phospholipases and also protecting oil bodies from coalescence
or aggregation [6]. Moreover, the interaction between phospholipids and oleosins at the
interface gives oil bodies a negative surface charge that leads to electrostatic repulsions [15].
This unique interface allows oil bodies to maintain their individuality and have remarkable
stability inside the cell where they are stored for long periods until they are utilised for
germination [4,5].

Hemp seed oil bodies can be a highly valuable novel ingredient for the food industry
because of their potential as natural emulsions or nature-assembled delivery systems
of PUFAs, EFAs, and liposoluble bioactive compounds. To date, no studies have been
reported on the extraction of oil bodies from hemp seeds. Since the properties of oil
bodies after extraction vary from source to source, the characterisation of new materials
is necessary before their applications in food products. This study provides for the first
time an in-depth characterisation of oil bodies from hemp seeds. The microstructure,
composition, and the colloidal stability of oil bodies under different pH and ionic strength
conditions were investigated to gain better understanding of their functional performance
in food-like environments.

2. Materials and Methods
2.1. Materials

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Ltd.
(St. Louis, MO, USA), and the reagents were made up in Milli-Q water (Milli-Q appa-
ratus; Millipore Corp., Bedford, MA, USA). Low-THC hulled hemp seed kernels (Supplier:
Sunshine (Tianjin) Produce Limited, Country of Origin: China, AAA Grade, heat-treate)
were purchased from a local supermarket (Davis Trading Company Ltd., Palmerston North,
New Zealand). The content of THC of hemp seeds was less than 10 ppm, as declared
by the supplier. The THC content in hemp seeds for food applications must be less than
0.35%, regulated by the Ministry of Health and New Zealand Legislation. All experiments
were repeated at least twice and the means of the results from two or more experiments
are reported.
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2.2. Methods
2.2.1. Preparation of Hemp Milk and Isolation of Oil Bodies

Dehulled hemp seeds were soaked overnight in Milli-Q water at a seed-to-water
ratio of 1:4 (w/w). Then, the mixture was ground using a colloid mill at a frequency
of 30 Hz (Bematek Systems, Inc., Model CZ-60-PB, Salem, MA, USA). To remove the
solids, we passed the resulting mixture through a clarifier separator (GEA Westfalia, Model
CTC-03-107, New Jersey, NJ, USA) and the “hemp milk” was collected for cream extraction.

Hemp seed oil bodies were isolated from hemp milk by centrifugation at 10,000× g
for 20 min at 20 ◦C. The resulting cream layer referred to as “oil bodies” or “oil body
fraction” was then carefully removed from the aqueous layer for experimental studies and
added with sodium azide (0.02% w/w) to inhibit the growth of microorganisms.

2.2.2. Microstructure

The morphology of oil bodies in hemp seed and after isolation were examined by
cryo-scanning electron microscopy (cryo-SEM), whereas the interfacial properties of the oil
body fraction was determined by confocal laser scanning microscopy (CLSM).

Cryo-SEM

For the analysis of oil bodies in the cross-section of the seed, dehulled hemp seeds
were placed in the sample holder and flash-frozen by dipping in liquid nitrogen. After
10 min of contact with liquid nitrogen, the frozen sample was transferred to the cryo-unit
sectioning chamber and placed under vacuum. The temperature of the sample was lowered
to −120 ◦C followed by fracturing using a cold knife.

For the sample imaging, the temperature of the sample was gradually raised to
−100 ◦C for 20 min for sublimation. The fractured surface of the seeds was then coated
with a thin platinum coating (10 mA for 240 s), and the samples were transferred to the
imaging chamber. SEM images of fractured sections were recorded at 6 to 20 kV on a Joel
JSM 6500F Field Emission Scanning Microscope. A total of five different sections were
examined, and images were captured at different resolutions.

Similarly, the morphology of the hemp seed oil body fraction was examined by
cryo-SEM as per the described method but following the sample preparation protocol
of Efthymiou et al. [16]. Briefly, a drop of oil body suspension was placed between two
small copper grids, and the excess sample was gently soaked dry by a filter paper. The
sample sandwiched between the grids was then placed in a jet freezer assembly (Baltec
JFD 030) and frozen rapidly to −186 ◦C using a continuous propane stream for 30 min.
Upon freezing, the copper grid from one of the sides was removed, and the sample was
placed on the sample holder maintained at −180 ◦C of the cryo-SEM apparatus and was
transferred to the cryo-unit sectioning chamber and placed under vacuum. Sample imaging
was performed as previously described with modifications. Instead of a platinum coating,
the surface of the sample was coated with a thin palladium coating and SEM images
of the fractured sections were recorded at 5 kV at −120 ◦C on a Joel JSM 6500F Field
Emission Scanning Microscope equipped with an energy-dispersive detector and a Gatan
Alto2500 cryo-unit.

Confocal Laser Scanning Microscopy (CLSM)

The microstructure of hemp seed oil bodies was investigated using a confocal laser
scanning microscope (Model Leica SP5, DM6000B, supplied by Leica Microsystems, Hei-
delberg, Germany) with a 63 mm oil immersion objective lens. Nile Red (1 mg/mL in
acetone) and Fast Green FCF (1 mg/mL in Milli-Q water) were used to selectively stain
neutral lipids and proteins, respectively, on the basis of the staining protocols described by
Gallier et al. [17]. Briefly, 200 µL of the diluted oil body fraction (0.1% v/v fat) was mixed
with 12 µL of Nile Red and 6 µL of Fast Green FCF. The stained sample was placed on
a concave microscope slide, covered with a cover slip (0.17 mm thick), and immediately
examined using the confocal laser scanning microscope. For phospholipids staining, Lis-
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samine™ rhodamine B dye (Rd-DHPE, 1 mg/mL in chloroform) was used. Briefly, 100 µL
of the diluted oil body fraction (0.1% v/v fat) was added with 5 µL of Lissamine™ rho-
damine B (Rd-DHPE). The stained sample was placed on a concave microscope slide,
covered with a cover slip (0.17 mm thick), and examined using the confocal laser scanning
microscope. The images were processed using the software ImageJ.

2.2.3. Compositional Analysis of Hemp Seed Oil Bodies
Proximate Composition

The compositional analysis of the oil body fraction, such as moisture content, fat
content, crude protein content, and ash content, was performed at the Nutrition Laboratory
of Massey University, Palmerston North, New Zealand. The following methods were used
for analysis: vacuum oven drying (AOAC 990.19, 990.20) for moisture, Mojonnier method
(flour, baked, extruded products, AOAC 922.06) for fat content, Dumas method (AOAC
968.06) for crude protein content, and furnace drying at 550 ◦C (AOAC 942.05 for feed,
meat) for ash content.

Fatty Acid Composition

The total lipids from the hemp seed oil body fraction were extracted using the B&D
method [18]. The neutral lipids and polar lipids were separated by solid phase extraction
(SPE) as described by Avalli and Contarini [19]. In brief, 400 mg lipid sample was dissolved
in 1 mL of chloroform–methanol (2:1, v/v), and 0.75 mL of the mixture was loaded into
hexane conditioned HybridSPE®—Phospholipid cartridge (bed weight 30 mg, 1 mL, Sigma
Aldrich Ltd., St. Louis, MO, USA). The neutral lipids were eluted with 3 mL of hexane–
diethyl ether (8:2, v/v) and 3 mL of hexane–diethyl ether (1:1, v/v). The recovered fraction
for neutral lipids was dried for further fatty acids analysis. The polar lipids were eluted
with 4 mL of methanol and followed with 2 mL of methanol and 2 mL of chloroform–
methanol–water (3:5:2, v/v/v). The recovered fraction for polar lipids was dried for further
fatty acids analysis.

Total fatty acids analysis in both lipid fractions were quantified by gas chromatography
(GC), following the method described by Zhu et al. [20]. A sample of 20 mg of lipid fraction
(neutral or polar) and 1 mL methyl tricosanoate/hexane (1 mg/mL) (internal standard)
were mixed. The composition of the total fatty acids was determined by capillary GC on a
Supelcowax™ 10 (30 m × 0.35 mm × 0.50 lm) capillary column (Supelco Park, Bellefonte,
PA, USA) installed in an Agilent 7890 gas chromatography system equipped with a flame
ionisation detector and a split/splitless injector (Agilent Technologies, Santa Clara, CA,
USA). The initial oven temperature was 140 ◦C, which was maintained for 1 min before
being increased to 180 ◦C at a rate of 10 ◦C/min, and then maintained at 180 ◦C for
1 min. The oven temperature was then increased to 210 ◦C at a rate of 2 ◦C/min, and then
maintained at 210 ◦C for 10 min. Helium was used as the carrier gas at 72 cm/s running at
a constant flow. The injector was set at 250 ◦C, and the detector was set at 260 ◦C. The split
ratio was 20:1.

2.2.4. Protein Composition of Hemp Seed Oil Bodies by Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The oil body fraction was collected by separating hemp milk at 10,000× g centrifu-
gation for 20 min. The oil bodies were washed by two methods, and the final samples
were referred to as “phosphate buffer-washed oil bodies” (WC) and “purified oil bodies”
(POB), respectively.

The oil body fraction was suspended in phosphate buffer (10 mM, pH 7.5) followed
by centrifugation (10,000× g for 20 min). After washing it twice, the cream phase was
collected and suspended with phosphate buffer, and then mixed with hexane (1:1) and
re-centrifuged at 10,000× g for 20 min to remove free oil. The WC was suspended in
phosphate buffer for analysis.
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The oil body fraction was purified by the method described by Tzen et al. [21]. Briefly,
the oil body fraction was suspended in phosphate buffer (5 mM, pH 7.5) containing 0.1%
(w/w) Tween 20 and 0.2 M sucrose. The suspension was diluted 1:1 using phosphate buffer
(10 mM, pH 7.5) and centrifuged at 10,000× g for 20 min. The cream layer obtained was
suspended in 9 M urea solution, and then the suspension was diluted 2:1 using phosphate
buffer (10 mM, pH 7.5) followed by centrifugation at 10,000× g for 20 min. The cream
phase was re-suspended in phosphate buffer (10 mM, pH 7.5) containing 0.6 M sucrose
and washed by hexane as described above. The final POB was re-suspended in phosphate
buffer for analysis.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed under both non-reducing and reducing conditions as per the protocol described by
Manderson et al. [22]. Hemp milk (M), phosphate buffer-oil bodies (WC), and purified oil
bodies (POB) samples were mixed with PAGE sample reducing buffer and non-reducing
buffer to a final protein concentration of 2 mg/mL. For the reducing condition, dithio-
threitol was used in reducing sample buffer (200 mM), and the reducing samples were
heated at 95 ◦C for 10 min. Then, 10–15 µL of samples were loaded onto Mini-Protean
gels (Bio-Rad Laboratories, Richmond, CA, USA) and run at 120 V for about 120 min. The
molecular imager Gel Doc XR system (Bio-Rad Laboratories, Richmond, CA, USA) was
used for gel scanning, and ImageLab software was used for image analysis.

2.2.5. Physicochemical Characterisation and Stability of Oil Bodies
Particle Size

The particle size of hemp seed oil bodies was measured by static light scattering using
a Mastersizer 2000 (Hydro MU, Malvern, Worcestershire, UK). Samples were dispersed
in Milli-Q water or a sodium dodecyl sulphate (SDS) solution (1.2% w/v). The data were
reported in Sauter-average diameter (d3,2) and volume-mean diameter (d4,3). The refractive
index of hemp seed oil (1.475) and water (1.33) was used in the protocol. The mean particle
size was calculated as the average of triplicate measurements.

ζ-Potential

The ζ-potential of hemp seed oil bodies was determined using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, United Kingdom) equipped with a 4 mW He/Ne laser
at a wavelength output of 633 nm. Samples were diluted to a final particle concentration of
0.01% (v/v) in Milli-Q water and put in an electrophoresis cell (Model DTS1070, Malvern
Instruments Ltd.) at 25 ◦C. The ζ-potential was read at least 10 times for each sample, and
the ζ-potential values were calculated by Smoluchowski approximation. Mean values were
calculated from triplicate measurements.

Effect of pH and Ionic Strength on Colloidal Stability

The stability of oil bodies in the food matrix should be understood once they are
incorporated in the food matrix of commercial products. Their stability may be affected by
changes in their environment such as variations in pH, ionic strength, and/or temperature.
To determine the influence of pH on the colloidal stability, we suspended hemp seed oil
bodies in Milli-Q water at an oil body fraction-to-water ratio of 1:3 (w/w). The suspensions
were adjusted to pH 3–10 using 0.1 M HCl or 0.1 M NaOH. For the effect of ionic strength,
the hemp seed oil body fraction was suspended at different concentrations of NaCl (0,
62.5, 125, 250, 500, and 1000 mM). The particle size and ζ-potential of the samples were
determined as described in ‘particle Size’ and ‘ζ-potential’ sections, respectively.

3. Results and Discussion
3.1. Morphology of Hemp Seed

Figure 1 shows the microstructure of hemp seed by Cryo-SEM. The hemp seeds were
filled with oil bodies (shown in white arrows) that were sporadically distributed inside
the cell (cell wall indicated in green arrows) (Figure 1). Oil bodies appeared spherical with
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diameters ranging from 3 to 5 µm with minor irregularities in the shape. Aside from the
cell walls and the oil bodies, no other structural elements could be identified from the
micrographs. Moreover, some cells seemed to be devoid of any oil bodies in the plane of
imaging, as seen in Figure 1A (black arrows). In Figure 1B, oil bodies appeared to have
an outer covering that may or may not be part of the oil body membrane or the seed
membrane. In addition, some cells also showed semi-hemispherical cavities (black arrows,
Figure 1B), which may have contained an oil body previously but were dislodged during
fracturing of the sample.

Foods 2021, 10, 2930  6  of  16 
 

3. Results and Discussion 

3.1. Morphology of Hemp Seed 

Figure 1 shows the microstructure of hemp seed by Cryo‐SEM. The hemp seeds were 

filled with oil bodies (shown in white arrows) that were sporadically distributed inside 

the cell (cell wall indicated in green arrows) (Figure 1). Oil bodies appeared spherical with 

diameters ranging from 3 to 5 μm with minor irregularities in the shape. Aside from the 

cell walls and  the oil bodies, no other structural elements could be  identified  from  the 

micrographs. Moreover, some cells seemed to be devoid of any oil bodies in the plane of 

imaging, as seen in Figure 1A (black arrows). In Figure 1B, oil bodies appeared to have an 

outer covering that may or may not be part of the oil body membrane or the seed mem‐

brane. In addition, some cells also showed semi‐hemispherical cavities (black arrows, Fig‐

ure 1B), which may have contained an oil body previously but were dislodged during 

fracturing of the sample.   

 

Figure 1. Cryo‐SEM images of the cross‐section of hemp seeds at 1000× (A) and 2500× (B) magnification. See the text for 

the description of the arrows. 

Although there are no reported studies on the microstructure of oil bodies in hemp 

seeds, other studies have examined the structural characteristics of other oleaginous seeds 

and tissues. For instance, oil bodies with an apparent diameter of 1 to 3 μm were found to 

be densely packed in E. plantagineum seeds [13]. The TEM images showed that oil bodies 

were sporadically distributed within the seed, with most cells being densely packed with 

oil bodies. More recently, Paterlini et al. [23] also reported the morphology of Jathropha 

peiranoi seeds, where the cells of endosperm and embryo tissues were rich in oil bodies, 

containing about 13–15 grouped spherical structures of 2.5–4.5 μm, occupying the cell vol‐

ume.   

The dense cell environment causes  the compression of oil bodies,  leading  to close 

packing [24]. The ability to withstand compression forces and maintain integrity indicates 

high flexibility of the hemp seed oil bodies as has been noted previously [25,26]. The close 

packing of oil bodies in the cell matrix also makes them appear asymmetrical. The same 

was observed for oil bodies in maize germ [25]. On the contrary, oil bodies in sunflower 

seeds have more spherical shape, partially attributed to the greater space available due to 

higher moisture content in the seeds [25].   

The cryo‐SEM images of hemp seeds also showed some cells with fewer oil bodies or 

completely devoid of any oil bodies  (Figure 1). Such an asymmetric distribution of oil 

bodies has also been reported for coconut endosperm [26]. These regions in the cell with‐

out any oil bodies could be occupied by other intracellular organelles. It is possible that 

the images with asymmetric distribution of oil bodies represent a cross‐section of cellular 

regions occupied by other intracellular organelles.   

Figure 1. Cryo-SEM images of the cross-section of hemp seeds at 1000× (A) and 2500× (B) magnification. See the text for
the description of the arrows.

Although there are no reported studies on the microstructure of oil bodies in hemp
seeds, other studies have examined the structural characteristics of other oleaginous seeds
and tissues. For instance, oil bodies with an apparent diameter of 1 to 3 µm were found to
be densely packed in E. plantagineum seeds [13]. The TEM images showed that oil bodies
were sporadically distributed within the seed, with most cells being densely packed with oil
bodies. More recently, Paterlini et al. [23] also reported the morphology of Jathropha peiranoi
seeds, where the cells of endosperm and embryo tissues were rich in oil bodies, containing
about 13–15 grouped spherical structures of 2.5–4.5 µm, occupying the cell volume.

The dense cell environment causes the compression of oil bodies, leading to close
packing [24]. The ability to withstand compression forces and maintain integrity indicates
high flexibility of the hemp seed oil bodies as has been noted previously [25,26]. The close
packing of oil bodies in the cell matrix also makes them appear asymmetrical. The same
was observed for oil bodies in maize germ [25]. On the contrary, oil bodies in sunflower
seeds have more spherical shape, partially attributed to the greater space available due to
higher moisture content in the seeds [25].

The cryo-SEM images of hemp seeds also showed some cells with fewer oil bodies
or completely devoid of any oil bodies (Figure 1). Such an asymmetric distribution of
oil bodies has also been reported for coconut endosperm [26]. These regions in the cell
without any oil bodies could be occupied by other intracellular organelles. It is possible
that the images with asymmetric distribution of oil bodies represent a cross-section of
cellular regions occupied by other intracellular organelles.

3.2. Microstructure of Hemp Seed Oil Bodies

The morphology of isolated oil bodies in aqueous suspension was further examined
through cryo-SEM imaging. Oil bodies appeared to be spherical in shape (white arrows,
Figure 2A), with the diameter ranging from 2 to 5 µm (1000× magnification). The size of
the oil bodies in suspension agreed with the size of oil bodies in the seed (Figure 1). At
10,000× magnification (Figure 2B), the oil bodies appeared to have an irregular spherical
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shape and a rough surface. Furthermore, thread-like structures or connections between oil
droplets were observed (black arrows, Figure 2A), likely caused by artefacts arising during
the sublimation of ice during sample preparation.
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Figure 2. Cryo-SEM images of hemp seed oil bodies in an aqueous solution at 1000× (A) and 10,000× (B) magnification.
For description of white and black arrows, please see text.

The microstructure of oil bodies was examined by confocal laser scanning microscopy
using the dyes Nile Red, FG-FCF, and Lissamine™ rhodamine B (Rd-DHPE) to stain
neutral lipids, proteins, and phospholipids, respectively. The CLSM images showed that
hemp seed oil bodies existed as spherical droplets in aqueous solutions, and their diameter
ranged from 3 to 7 µm without any noticeable flocculation or aggregation. They contained
a large intense red fluorescent core region that represented the neutral lipids or TAGs
(Figure 3A) surrounded by a uniform covering of proteins at the interface (stained green by
FG-FCF), regardless of the oil body size (Figure 3B). No protein aggregates were observed
in the continuous phase of the suspension. Lastly, staining with Rd-DHPE showed uniform
intense red fluorescence on the surface of the oil droplets, confirming the presence of
phospholipids (Figure 3B).
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Figure 3. Confocal Laser Scanning Microcopy images of hemp seed oil bodies showing neutral lipids stained by Nile
Red (A), proteins stained by Fast Green-FCF (B) dyes, and the interfacial distribution of phospholipids stained by Lis-
samine™ rhodamine B dye (C).

Both Cryo-SEM and CLSM imaging confirmed that oil bodies were not aggregated
in aqueous suspension. No protein aggregates (stained by FG-FCF) were observed in
the aqueous phase, indicating that the protocol was able to isolate intact oil bodies with
minimal amounts of extraneous proteins. The hemp seed oil body interface appeared to
have a uniform distribution of phospholipids as indicated by the intense red fluorescence
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on the oil body surface upon staining with Rd-DHPE. Overall, hemp seed oil bodies
conform to the classic interfacial structure of seed bodies proposed by [5] and previously
confirmed in oil bodies from nuts [17,27] and fruits [28] as well.

3.3. Proximate Composition of Hemp Seed Oil Bodies

The proximate composition of the hemp seed oil body fraction is shown in Table 1;
this fraction had 79.3 ± 2.8% fat and 1.5 ± 0.2% protein, respectively. The protein content
was within the range of 0.6 to 3.4% (w/w) reported for oil bodies from seeds of various
species [7]. This could represent the proteins located at the oil body interface and possibly
some extraneous proteins that were present in the oil body fraction after isolation. The
phospholipid content in the oil body fraction was not determined in the study.

Table 1. Proximate composition of hemp seed oil bodies.

Parameter Composition (%, Wet Basis)

Moisture 22.80 ± 2.09
Fat 79.30 ± 2.78

Crude protein 1.50 ± 0.22
Ash 0.20 ± 0.01

3.4. Fatty Acid Composition of Lipids in Hemp Seed Oil Bodies

Table 2 shows the fatty acid composition of the hemp seed oil body fraction. The
composition of lipids in oil bodies contained ≥ 90% of unsaturated fatty acids composed
mainly of long-chain fatty acids. Linoleic acid (C18:2) accounted for 61% of the total fatty
acids. Other major fatty acids of lipids from hemp seed oil bodies were oleic acid (C18:1,
15.1%) and α-linolenic acid (C18:3, 11.7%). Saturated fatty acids such as palmitic acid (C16:0,
6.1%) and stearic acid (C18:0, 2.9%) were also found in minor concentrations. Teh and
Birch [3], Oomah et al. [29], and Alonso-Esteban et al. [30] reported that linoleic acid was
found as the major fatty acid in hemp seed oil (53–57%). The fatty acid composition found
in oil bodies was similar to that previously reported for hemp oil. These similarities had
been previously reported for other seeds and oil bodies fractions [13]. The ω-6/ω-3 ratio
found in the oil body fraction was 2.6:1, which is in good aggrement with previous studies
on oil extracted from hemp seed (2.5:1) [1]. The lipid composition of hemp seed oil can be
comparable to walnut oil due to their high linoleic and α-linolenic acid content [31].

Table 2. Fatty acid composition (%) of lipids in hemp seed oil bodies, and their neutral and
polar fractions.

Fatty Acid
Total Fat Percentage (%)

Total Lipids Neutral Lipids Polar Lipids

C16:0 Palmitic acid 6.10 ± 0.02 5.95 ± 0.03 8.46 ± 0.05
C18:0 Stearic acid 2.91 ± 0.03 2.86 ± 0.06 2.98 ± 0.07
C18:1n9 Oleic acid 15.10 ± 0.06 15.00 ± 0.15 13.44 ± 0.20

C18:2n6 Linoleic acid 60.74 ± 0.32 61.07 ± 0.20 47.36 ± 0.47
C18:3n6 γ-Linolenic acid 0.039 ± 0.005 0 1.23 ± 0.04
C18:3n3 α-Linolenic acid 11.66 ± 0.33 11.70 ± 0.23 23.62 ± 0.96

C20:0 Arachidic acid 1.98 ± 0.01 1.99 ± 0.06 1.59 ± 0.01
C20:1 Eicosenoic acid 1.00 ± 0.03 0.96 ± 0.02 0.68 ± 0.10

C20:2 Eicosadienoic acid 0.486 ± 0.035 0.467 ± 0.015 0.644 ± 0.082

The composition of fatty acids in the neutral lipids fraction was very similar to the
total lipids fraction of hemp seed oil bodies. This was expected because hemp seeds lipids
mostly consist of TAG, which are neutral lipids, and about 1.5–2% are non-TAG lipids
or unsaponifiable fraction [32]. Regarding the polar lipid fraction, the major fatty acids
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found were C16:0, C18:1, C18:2, and C18:3, following a similar trend to those in neutral lipids
fraction but with higher levels of C18:3.

Polar lipids are a diverse class of compounds that are divided into two main subclasses,
phospholipids and sulfolipids [33]. Antonelli et al. [34] reported the polar lipid composition
of hemp seed oil, and they found that 51% of the phospholipids were phosphatidylcholines
(PC), and C16:0, C16:1, C18:2, and C18:3 were the most abundant fatty acid combinations. They
also reported that about 72% of the sulfolipids were sulfoquinovosylmonoacylglycerols
(SQDG), and the fatty acid combinations C16:0, C18:1, and C18:3 were the most abundant.
Therefore, the major fatty acids found in the polar lipid fraction of hemp seed oil bodies
are likely linked to the presence of PC and SQDG at high concentrations.

3.5. Protein Composition

The protein composition of the oil body fraction was determined using SDS-PAGE
under reducing and non-reducing conditions (Figure 4). The gel patterns showed the
polypeptide bands present in hemp milk (M), phosphate-washed oil bodies (WC), and
purified oil bodies washed with urea (POB).

The hemp milk (lane M) in both gels showed more than 30 protein bands ranging in
MW from 250 to 5 kDa. The most intense bands identified were around MW 52 kDa (in
non-reducing conditions) and MW 18, 20, and 34 kDa (under reducing conditions). These
most likely corresponded to edestin, the major globulin of hemp seeds protein. Edestin is
a hexamer with MW of about 300 kDa that is composed of six identical sub-units linked
by non-covalent interactions, each unit having five cysteine residues [35–37]. Two of five
cysteine residues were disulphide-linked through basic sub-units (BS) with MW about
18–20 kDa, and three acidic sub-units (AS) of MW around 34 kDa [38], which were visible in
the gels made under reducing conditions (disulphide-linked Stibbards units are dissociated
under these condition) (Figure 4). The polypeptide band at 52 kDa under non-reducing
conditions could correspond to the AS-BS units linked by disulphide bonds.
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The number of polypeptide bands found in WC lane were significantly less than in M
lane. Only around five bands were observed with molecular weight ranging from 55 to
25 kDa. These differences indicated that there are remarkably less proteins in the oil body
fraction after isolation from hemp milk. The bands identified in WC lane may be linked to
either membrane-specific proteins of oil bodies (oleosins, caleosins, steroleosins) [39], or
to extraneous proteins carried over after isolation from hemp milk. Nikiforidis et al. [40]
reported that oil bodies after isolation contain their own structural proteins (also called
membrane-specific proteins) and exogenous proteins belonging to the matrix where oil
bodies were isolated from, with these proteins varying from source to source.

Similarly, the number of polypeptide bands found in POB lane were even less than
those found in the WC lane (in reducing and non-reducing conditions), suggesting that
proteins remaining in POB should be only those tightly linked to the membrane of oil
bodies. The major band in POB at around 15 kDa could be related to oleosins. Maize germ
oleosins have been previously identified by SDS-PAGE analysis, being located at 15 and
16 kDa bands [41]. Similarly, oleosins have been identified from oil bodies isolated from
rice bran [42] and sesame seeds [43].

3.6. Physicochemical Properties of Hemp Seed Oil Bodies
3.6.1. Particle Size and ζ-Potential

The size distribution, average size, and charge of hemp seed oil bodies were char-
acterised after dispersion in water or 1.2% SDS (Figure 5). The average diameter of oil
bodies dispersed in water was d4,3: 4.9 ± 0.7 µm and d3,2: 3.1 ± 0.1 µm (Figure 5). These
values agree with the size of oil bodies measured by cryo-SEM images (Figure 2) and CLSM
images (Figure 3). This indicates that the integrity and structure of oil bodies in the seed
are maintained upon extraction and that they exist as spherical droplets in solution. The
size of oil bodies is higher than the range reported for other plant species which ranged
from 0.5 to 2.5 µm; the size of oil bodies is generally influenced by biological factors [4,7].
Oil bodies that are smaller in size usually exhibit a low TAG to interfacial protein ratio,
while those with larger sizes have lower interfacial protein content [4,40].

The presence of SDS in the dispersion did not cause a change in the d4,3 and d3,2 of
oil bodies, which were 5.1 ± 0.8 µm and 2.9 ± 0.2 µm, respectively. SDS disrupts the
hydrophobic interactions between membrane-specific proteins on the oil body surface
and the extraneous proteins; thus, the mean particle diameter represented the real size
of individual oil bodies [11]. Irrespective of the presence of SDS in the samples, the size
distributions of the oil bodies showed a monomodal peak, indicating that most oil bodies
had similar sizes. The similarities of size distributions of oil bodies with and without SDS
also suggests the absence of flocculation or aggregation, which agrees with the results from
CLSM imaging (Figure 3). The CLSM images showed the absence of protein aggregates
(stained by FG-FCF) in the aqueous phase, suggesting that the protocol was able to isolate
intact oil bodies with minimal amounts of extraneous proteins.

The ζ-potential of hemp seed oil bodies at pH 7 was found to be −32.8 ± 5.1 mV. The
ζ-potential was measured at pH 7 in all samples to avoid fluctuations due to variations in
the pH of hemp oil body extracts (results not shown). Along with the particle size results,
the surface charge of oil bodies demonstrates their stability in aqueous suspension. At
neutral pH, the oil bodies also exhibited a high magnitude of ζ-potential (absolute value
above 30 mV), which indicates the good electrostatic stability of the oil bodies dispersed in
water. A ζ-potential magnitude of 30 mV is an indication of good electrostatic stability of
emulsions [44].
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Figure 5. Particle size (d4,3 and d3,2) and ζ-potential of hemp seed oil bodies suspended in water
and SDS.

3.6.2. Effect of pH and Ionic Strength on Colloidal Stability

The influence of pH and ionic strength on the colloidal stability of oil body frac-
tions extracted from hemp seeds was determined. The mean particle diameter (d4,3) and
ζ-potential were measured in oil body dispersions at different pH (3–10) and ionic strength
(0–1000 mM) conditions, and the results are shown in Figure 6. Extreme pH values (highly
acidic and highly alkaline) did not affect the mean particle diameter (d4,3) of hemp seed oil
bodies (Figure 6A). The particle size increased between pH 4 to 5, reaching a maximum
value of 14.4 ± 2.9 µm at pH 5. However, oil bodies maintained their size that ranged
from 3.3 ± 1.2 µm to 5.1 ± 0.7 µm at alkaline pH values. Particle size data also indicate oil
body aggregation at pH values close to the point of zero charge. Similarly, other authors
observed that the average particle size of in oil body fractions was relatively small at pH
values far from the isoelectric point [14]. Aggregation of oil bodies at different pH values
is dependent on electrostatic interactions: a strong electrostatic repulsion prevents the oil
bodies from aggregating at pH values away from their isoelectric point [11]. On the other
hand, at pH values close to the isoelectric point, there is weak electrostatic repulsion that
cannot overcome the attractive forces, thereby causing oil bodies to flocculate [8,45,46].
As such, the flocculation of oil bodies at pH values close to the isoelectric point could be
attributed to the weak electrostatic repulsion due to the zero net charge of the oleosins at
the interface [8,25].
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Figure 6. Effect of pH (A,C) and ionic strength (B,D) on the particle size (A,B) and ζ-potential (C,D)
of hemp seed oil bodies. Means that do not share a letter in the same graph are statistically significant
at α = 0.05. Error bars indicate standard deviations.

The effect of pH on the ζ-potential of hemp seed oil bodies is illustrated in Figure 6C.
As the pH increased, the surface charge changed from positive to negative, and hemp seed
oil bodies were found to be negatively charged at neutral pH. The point of zero charge was
observed between pH 4 and 4.5; at pH values below this, oil bodies were positively charged,
and at pH values above this, they were negatively charged. The highest ζ-potential value
of −68.7 ± 5.9 mV was observed at pH 10. The effect of pH on the surface charge of
the hemp seed oil body fraction is consistent with other types of oil bodies, wherein the
ζ-potential changes from positive to negative with the increase in pH and had a zero value
at the isoelectric point [14,46]. This behaviour of oil bodies under different pH conditions
is similar to that observed in protein-stabilised emulsions, where droplets are positively
charged at low pH, have zero charge at the isoelectric point, and are negatively charged at
high pH [44]. Hence, it can be inferred that the membrane-specific proteins (e.g., oleosins)
of oil bodies are mostly responsible for these changes in surface charge of oil bodies at
various pH values [14,44]. The isoelectric point determined for hemp seed oil bodies was
comparable to those reported for maize and soybean oil bodies, which were between pH 4
and 5 [11,14,46].

The changes in the particle size (d4,3) and ζ-potential of the oil bodies at different ionic
strengths are shown in Figure 6B,D. Variations of the NaCl concentration in hemp seed oil
bodies dispersions did not have a significant effect on the d4,3. In contrast, the increase in
NaCl concentration resulted in a significant decrease in the ζ-potential of the oil bodies.
After the addition of NaCl, the magnitude of the ζ-potential decreased from −25.8 ± 5.8
to around −5 mV at 62.5 to 1000 mM NaCl concentration. No significant difference was
observed for the ζ-potential at all the NaCl concentrations studied. Generally, increasing
the ionic strength of the solution causes a reduction of the charge density of colloidal
suspensions due to electrostatic screening effects [44]. The charges are screened until a
point where flocculation cannot be prevented, thereby causing the formation of aggregates.
In the case of hemp seed oil bodies, a reduction in the magnitude of the ζ-potential was
observed with the addition of NaCl at the lowest concentration; it remained similar as
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the salt concentration increased. The negative charge of oil bodies, mainly attributed
to the phospholipids and oleosins at the interface, seems to be largely affected by small
changes in the ionic strength causing a decrease of the negative charge density of the oil
bodies interface. Similarly, other types of oil bodies such as maize, soybean, and safflower
exhibited a reduction in ζ-potential with the addition of salt [11,14,47]. However, contrary
to the decrease in electric potential, no significant change in the mean particle diameter
was observed despite the increase in the ionic strength of the solution. The resistance of
oil bodies to flocculation can be attributed to the oleosins at the interface, which not only
provide electrostatic repulsion but also steric hindrance that enhances their stability [8].
This is supported by the presence of phospholipids that promote the firm anchorage of the
oleosins, strengthening the oil body interface [48]. Emulsions that are sterically stabilised
are more resistant to variations in pH and ionic strength compared to electrostatically
stabilised emulsions [44]. Thus, the reduction in the charge density was not enough to
cause the flocculation of oil bodies due to steric effects provided by the oleosins at the oil
body surface.

4. Conclusions

Overall, this work determined the composition, structural, and physicochemical
properties of oil bodies from hemp seed. The dense packing oil bodies within the cell along
with other cell components showed a high degree of flexibility of hemp seed oil bodies. In
aqueous solutions, hemp seed oil bodies showed a high net negative charge at neutral pH,
which prevented flocculation. The CLSM images showed that the oil bodies consisted of a
lipid core surrounded by an interface consisting of proteins and phospholipids. The lipids
consisted of long-chain fatty acids, with linoleic acid comprising 61% of the total fatty acids
and an ω-6/ω-3 ratio of 2.6:1. The fatty acid composition of polar lipids was dominated by
C16:0, C18:1, C18:2, and C18:3, most likely due to the presence of phospholipids and sulfolipids
in great proportions. The investigation of interfacial proteins suggests that the oleosins
most likely had a molecular weight of approximately 15 kDa and did not show disulfide
bonding. After isolation of oil bodies, they exhibited minimal flocculation in an aqueous
suspension, as evidenced by their high ζ-potential and monomodal size distribution when
dispersed in water and SDS. Hemp seed oil bodies were negatively charged at neutral pH
and aggregated at pH values close to their isoelectric point, exhibiting a similar behaviour
to protein-stabilised emulsions at different pH values. With the addition of salt, a reduction
in ζ-potential was observed, but no further increase in particle diameter was seen with
increasing salt concentration, indicating that steric effects of the oleosins at the interface
were able to resist the reduction in electrical potential. Crude hemp seed oil bodies can
provide a naturally stable emulsion and have the potential to be used in a variety of
food applications.
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Abstract: This study aimed to protect phenolic compounds of Cyclocarya paliurus (Batal.) Iljinskaja
(C. paliurus) using a microencapsulation technique. Ethanol and aqueous extracts were prepared from
C. paliurus leaves and microencapsulated via microfluidic-jet spray drying using three types of wall
material: (1) maltodextrin (MD; 10–13, DE) alone; (2) MD:gum acacia (GA) of 1:1 ratio; (3) MD:GA
of 1:3 ratio. The powders’ physicochemical properties, microstructure, and phenolic profiles were
investigated, emphasizing the retentions of the total and individual phenolic compounds and their
antioxidant capacities (AOC) after spray drying. Results showed that all powders had good physical
properties, including high solubilities (88.81 to 99.12%), low moisture contents (4.09 to 6.64%) and
low water activities (0.11 to 0.19). The extract type used for encapsulation was significantly (p < 0.05)
influenced the powder color, and more importantly the retention of total phenolic compounds (TPC)
and AOC. Overall, the ethanol extract powders showed higher TPC and AOC values (50.93–63.94 mg
gallic acid equivalents/g and 444.63–513.49 µM TE/g, respectively), while powders derived from
the aqueous extract exhibited superior solubility, attractive color, and good retention of individual
phenolic compounds after spray drying. The high-quality powders obtained in the current study
will bring opportunities for use in functional food products with potential health benefits.

Keywords: spray drying; gum acacia; maltodextrin; plant extract; functional ingredients; powder

1. Introduction

Cyclocarya paliurus (Batal.) Iljinskaja (C. paliurus), also named “sweet tea tree”, is an
edible and medicinal plant native to southern China, predominantly Jiangsu, Hunan, Hubei,
Henan, Guangxi, Fujian, and Anhui provinces [1]. C. paliurus leaves were approved by the
Food and Drug Administration as the first Chinese health tea in 1999 [2]. This is because the
extract of C. paliurus exhibits numerous health benefits, ranging from antihyperlipidemic
and antihyperglycemic [3] to antioxidant [3,4] and antimicrobial activities [5,6]. Many other
therapeutic effects were also observed for C. paliurus, for example, immunomodulation,
antihypertensive activity, and improvement of mental efficiency [1,7,8]. These bioactivities
are associated with the presence of abundant phenolic compounds in leaves, such as
myricetin-3-O-β-D-glucuronide, kaempferol, quercetin, caffeic acid, quercetin-3-O-β-D-
glucuronide, and quercetin-3-O-α-D-glucuronide [5,9]. Other phytochemical compounds,
for example polysaccharides and triterpenoids, also show antidiabetic, anticancer, anti-
inflammatory, and hepatoprotective properties [10–13].

Bioactive ingredients can be extracted from plants and further incorporated into
different foods for developing functional products. However, the application of plant-
derived phenolic compounds, especially polyphenols, is limited by their low stability as
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induced by pH, temperature, oxygen, light and enzymes [14]. Microencapsulation of plant
extracts by spray-drying is among the viable solutions, in which bioactive components can
be entrapped by wall materials and thereby well protected from any harsh environmental
conditions. Moreover, microencapsulation of C. paliurus extracts into powders brings
numerous other advantages such as ease of storage, transportation, and application in foods.
Regarding the drying technique, conventional spray-drying is inferior to the monodisperse
droplet technique in terms of controlling the physicochemical and functional properties of
the resulting powders [15]. This is because traditional spray-drying exhibits the drawback
of producing atomized droplets of diverse sizes, which means the droplets will experience
different drying histories even under the same drying conditions [15]. By contrast, the
micro-fluidic-jet spray dryer resembles a special nozzle that aids in the production of
microcapsules with uniform morphology, shape and particle size [15,16]. Up to now, this
novel technique has been successfully used in the production of spray-dried powders
including fish oil emulsion [17], vitamin E and CoQ10 [18,19], cranberry juice [20], noni
juice [16], and mandarin juices [21], but has yet been explored for plant extracts.

Maltodextrin (MD) and gum acacia (GA) are popular hydrocolloid-based materials for
encapsulating sensitive components or fruit/vegetable juices, such as green tea polyphe-
nols [22], spent coffee’s phenolic extract [23], Phaseolus lunatus bioactive peptides [24],
fermented noni juice [25], extracted soy isoflavones [26], and mandarin juice [21]. The wide
use of GA is due to its high solubility, ideal emulsifying properties and good viscosity [27].
On the other hand, MD has fast reconstitution ability, which creates colorless and low
viscous solutions without altering the original flavor properties of the core material [28].
Some studies have shown that blends of GA and MD are more efficient than a single
carrier during microencapsulation, which significantly increases the stability of bioactive
compounds in food systems [16,20].

Nowadays, tea infusion is one of the main food-level usages of C. paliurus. To diversify
the application of C. paliurus in food products and ensure the stability of its bioactive
extracts, microencapsulation of C. paliurus into a solid form is favorable, but no study
has been conducted so far, to the best of the authors’ knowledge. This study aimed to
encapsulate the ethanol and aqueous extracts of C. paliurus via a monodisperse spray-dryer
using MD and its combination with GA as wall materials. Physicochemical properties of
spray-dried powders were studied, emphasizing on the retentions of total and individual
phenolic compounds and their AOC after spray drying. This study filled the knowledge
gap in the spray-drying of C. paliurus extracts while offering an alternative way to deliver
bioactive components of C. paliurus to consumers.

2. Materials and Methods
2.1. Materials and Chemicals

Commercially dried C. paliurus leaves were supplied by the Enshi Tujia & Miao
Autonomous Prefecture Academy of Agricultural Sciences, Hubei province, China. The
leaves were ground into a powder using a coffee blender (Breville, Australia) for 3 min,
and subjected to a 200 mesh US standard sieve to achieve a small and uniform particle
size that facilitates the extraction. The fine powder samples were kept at −20 ◦C until
further requirement. MD [10–13], dextrose equivalent (DE) was purchased from Ingredion
(Singapore) and GA was gifted by Hawkins Watts Limited (Auckland, New Zealand).

Folin-Ciocalteu’s phenol reagent, gallic acid, 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic
acid (Trolox) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Authentic stan-
dards including kaempferol-3-O-glucoside, kaempferol-3-O-rhamnoside, myricetin-3-O-
galactoside, and quercetin-3-O-rhamnoside were purchased from Extrasynthese (Genay,
France). Quercetin-3-O-galactoside and quercetin-3-O-glucuronide were sourced from Cay-
man Chemical (Ann Arbor, MI, USA). Phenolic acid standards including 1,3-dicaffeoylquinic
acid, 5-O-caffeoylquinic acid, 4,5-dicaffeoylquinic acid, 3,4-dicaffeoylquinic acid, and 1,5-
dicaffeoylquinic acid were obtained from Biosynth Carbosynth®(Carbosynth Ltd., Berk-
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shire, UK). Other phenolic compounds including quercetin-3-O-glucoside, caffeic acid,
chlorogenic acid, and phloretin were acquired from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of C. paliurus Extracts

Experiments were conducted to optimize the extraction parameters, including time,
temperature, material to solvent ratio (w/v), and ethanol concentration (%), using orthogo-
nal design (data not shown). The optimum conditions were then applied to prepare the
ethanol and aqueous extracts as below. For the preparation of ethanol extract, 1 g of ground
sample was placed into an Eppendorf tube, followed by a 30% ethanol solution supplement
to achieve a material to solvent ratio of 1:30 (w/w). The extraction was carried out at 60 ◦C
for 60 min with constant stirring at 550 rpm. Afterwards, the solution was vacuum filtered
with a MS2 filter paper (MicroScience, New South Wales, Australia) and stored at −20 ◦C
until further analysis. For the preparation of the aqueous extract, the procedure used was
similar to that described above. The optimum conditions applied were material to solvent
ratio of 1:30 (w/w) (1 g of ground sample, 30 mL of Mill-Q water), extraction at 90 ◦C, and
extraction time of 60 min under constant stirring of 550 rpm.

2.3. Feed Solution and Spray-Drying Process

Preliminary experiments were conducted to find the suitable spray drying conditions
and feed solution composition. According to the results, three formulations (Table 1) were
chosen from each extract for preparing the feed solutions. The wall materials or carrier
matrices were blended with either the ethanol or aqueous extracts of C. paliurus to achieve
a core to wall ratio of 1:3 (w/w). The sample was thoroughly mixed at room temperature
by stirring at 700 rpm using a magnetic hot plate until all solids were fully dissolved.

Table 1. Wall material formulations for spray-drying.

No. Core (Extract) Sample
Abbreviations

Wall Materials (%) a

MD GA

1 WE WE-MD-1 100 0
2 WE WE-MD/GA-2 50 50
3 WE WE-MD/GA-3 75 25
4 EE EE-MD-1 100 0
5 EE EE-MD/GA-2 50 50
6 EE EE-MD/GA-3 75 25

WE, aqueous extract; EE, ethanol extract; MD, maltodextrin (10–13 DE); GA, gum acacia. a The composition of
wall materials; core to wall material used in the current study was 1:3 (w:w).

A micro-fluidic-jet spray-dryer supplied by Dong Concept Pty Ltd. (Nantong, China)
was used to spray dry feed solutions [21]. The drying parameters were set as follows
based on results from the preliminary experiments: inlet temperature of 180 ◦C, pressure
at 0.5 ± 0.02 kg/cm2, cooling airflow rate at 250 ± 2 L/min, nozzle driver frequency of
10kHz, dispersed air flow rate at 10 L/min, reservoir temperature of 20 ◦C, and outlet
temperature of 81 ◦C. A polytetrafluoroethylene nozzle with a diameter of 75µm was
utilized to obtain monodisperse droplets during the drying process. Powders collected
from the dryer were immediately transferred into sample tubes which were then flushed
with nitrogen, sealed by parafilm and stored in a desiccator kept at 4 ◦C before further
analysis.

2.4. Characterization of Spray-Dried Powders
2.4.1. Moisture Content and Water Activity

The water activity (aw) was measured using a water activity analyzer (Novasina, AW
SPRINT, Switzerland) at 25 ◦C. The moisture content of powder samples was determined
by the gravimetry method, by drying the samples in an oven (Heraeus D-63450, Germany)
at 105 ◦C until a consistent weight was maintained.
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2.4.2. Color Analysis

The color of powder samples was evaluated using three indices (a*, b*, and L*)
obtained from a colorimeter (Minolta CR-300, Tokyo, Japan). The a* value denotes the
variation from red (60) to green (−60), the L* value indicates lightness from blank (0) to
white (100), and the b* value represents the variation from yellow (60) to blue (−60).

2.4.3. Bulk Density

Bulk (ρbulk) density was obtained as described in our previous study [21]. Briefly,
spray-dried C. paliurus powders were accurately weighted and gently put into a 10 mL
cylinder. The powder volume (V0) was recorded and the ρbulk was calculated using
Equation (1).

ρbulk (g/mL) =
powder mass

V0
(1)

2.4.4. Hygroscopicity

Powder hygroscopicity was measured according to Rigon & Noreña [29] with minor
modifications. Briefly, 300 mg powder was put into an aluminium cap and then transferred
into a chamber containing saturated NaCl with roughly 75% relative humidity at room tem-
perature. The sample mass was accurately taken after 48 h of storage. The hygroscopicity
was calculated as the mass of moisture (g) absorbed by 100 g powder (g/100 g).

2.4.5. Solubility

The solubility of powders was measured as described in our previous study [21]. In
brief, 0.75 g sample was resuspended in 75 mL of Milli-Q water under vortex for 5 min. The
suspension was centrifuged at 7000× g for 10 min. An aliquot of 20 mL supernatant was
transferred into a pre-weighed beaker and oven-dried (Heraeus D-63450, Hanau, Germany)
at 105 ◦C until a consistent weight was achieved. Solubility (%) was determined by the
mass difference following Equation (2).

Solubility (%) =
(M1 − M0)

0.2
× 100 (2)

where M0 is the baker mass, and M1 is the total mass of the sample and beaker after drying.

2.5. Particle Morphology

The powder morphology was visualized using a Hitachi Scanning Electron Microscope
(Mode TM3030Plus, Tokyo, Japan) as described [16,25]. Briefly, the powder sample was
placed on a carbon adhesive tape stuck on an aluminium stub. The sample was sputter-
coated with a golden layer and then transferred into the specimen chamber for observation.
The surface, overall appearance, and cross-section of the powder were observed under
500–800× magnification.

2.6. Total Phenolic Content (TPC) Analysis

TPC of the powder samples was obtained using the Folin-Ciocalteu assay [16,20].
Gallic acid (GA) solutions were prepared at a series of concentrations to construct a standard
curve (R2 > 0.99). Results were expressed as mg GA equivalents/g dried powders [20].

The retention of TPC after spray drying was calculated using Equation (3).

TPC retention (%) =
TPC in powder

Total solids content in powder
÷ TPC in feed solution

Total solids content in feed solution
× 100 (3)

2.7. Antioxidant Capacity (AOC) Analysis
2.7.1. DPPH Assay

The DPPH assay was performed according to the procedure described by Lei et al.
with minor modifications [5]. Briefly, the sample (10 µL) was transferred into a 96-well
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plate and 200 µL of a methanolic DPPH solution (40 mg/mL) were added. The reaction
took place in darkness for 60 min. Afterwards, the sample absorbance was measured at
517 nm using a plate reader (EnSpire Multimode, Perkin Elmer, Waltham, MA, USA). The
standards and the reagent blank were ethanolic Trolox (at 10, 25, 50, 100, 200, 300, and
400 µM) and absolute ethanol, respectively. Results were expressed as Trolox equivalents
per g dried powders (µM TE/g dw).

The retention of AOC as evaluated by the DPPH assay was calculated using Equation (4).

AOC retention (%) =
AOCDPPH in powder

Total solids content in powder
÷ AOCDPPH in feed solution

Total solids content in feed solution
× 100 (4)

2.7.2. Ferric Reducing Antioxidant Powder (FRAP) Assay

An aliquot of 10µL sample was mixed with 200 µL of FRAP working solution [23].
The working solution was made up of the following constituents in a proportion of 10:1:1
(v/v), i.e., sodium acetate buffer (0.3 M, pH 3.6), 20mM FeCl3 solution, and 10 mM TPTZ
diluted in 40 mM HCl. After incubation in the dark for 60 min, the sample was submitted
to the EnSpire Multimode plate reader (Perkin Elmer, USA) for absorbance analysis at
593nm. A calibration curve (R2 > 0.99) was constructed using ethanolic Trolox solutions of
10, 25, 50, 100, 200, 300, and 400 µM. The AOC were expressed as Trolox equivalents (TE)
per g dried powders (µM TE/g dw).

The retention of AOC as evaluated by the FRAP assay was calculated using Equation (5).

AOC retention (%) =
AOCFRAP in powder

Total solids content in powder
÷ AOCFRAP in feed solution

Total solids content in feed solution
× 100 (5)

2.8. Individual Phenolic Compound Analysis

Phenolic compounds in the feed solutions and spray-dried powders were identified
and quantitated by an Agilent high-performance liquid chromatography (HPLC) system
equipped with a Phenomenex C18 column (5 µm, 4.6 × 250 mm, Torrance, CA, USA) and
a diode array detector. Mobile phases of (A) acetonitrile with 0.1% (v/v) formic acid and
(B) water with 0.1% (v/v) formic acid were used at the flow rate of 1mL/min under 25 ◦C
for compound separation. The gradient elution was conditioned as follows: 0min, 5% B;
10 min, 15% B; 20 min, 25% B; 30 min, 35% B; 35 min, 45% B; 40 min, 35% B; 45 min, 15% B;
and 50 min, 5% B. The detector wavelength was set as 280 and 320 nm.

The stock solution containing 14 phenolic standards was used to identify and quan-
titate analytes in the present study, including quercetin-3-O-rhamnoside, quercetin-3-O-
glucuronide, quercetin-3-O-glucoside, 4,5-dicaffeoylquinic acid, quercetin-3-O-galactoside,
kaempferol-3-O-glucoside, kaempferol-3-O-rhamnoside, myricetin-3-O-galactoside, 1,5-
dicaffeoylquinic acid, caffeic acid, 5-O-caffeoylquinic acid, 3,4-dicaffeoylquinic acid, chloro-
genic acid, and 1,3-dicaffeoylquinic acid. The stock solation was diluted into a series of
concentrations to construct standard curves (see Supplementary Table S1). The retention of
individual phenolic compounds after spray drying was calculated using Equation (6).

Phenolic retention (%) =
Content in powder

Total solids content in powder
÷ Content in feed solution

Total solids content in feed solution
× 100 (6)

2.9. Statistical Analysis

All experiments were conducted in triplicate, and data were presented as mean ±
standard deviation. One-way ANOVA and Duncan’s multiple range test was carried out
to evaluate statistical significance using SPSS Statistics 25 from IBM (Armonk, NY, USA).
The principal component analysis (PCA) was conducted using SIMCA 16.0 software from
Sartorius (Umeå, Sweden).
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3. Results and Discussion
3.1. Physical Properties of Spray-Dried C. paliurus Extracts
3.1.1. Water Activity and Moisture Content

Moisture content indicates the water available in a food system and is an important
factor determining the powder products’ stability and shelf life. The food industry prefers
a value ranging from 1–6% for a stable storage purpose [20]. From Table 2, except for
the EE-MD/GA-3 sample (6.64%), all powders fell in this range, i.e., from 4.09–5.95%,
suggesting good stability of spray-dried C. paliurus extracts during storage. The use of
MD as wall material without GA decreased moisture residue in the final product, which
was evident for the C. paliurus powders derived from the ethanol extract (p < 0.05). A
similar influence was found during the microencapsulation of Sideritis stricta tea [30], a
ai berry [31], and cranberry juice [20]. Since GA has high number of hydrophilic pockets
associated with water-binding effect, more considerable water residue could be retained
in the GA-encapsulated powders [20]. In addition, residue protein (2%) in GA could also
increase the percentage of bound water inside the molecules, leading to a lower water
diffusion rate during processing [32].

Table 2. Physical properties of spray-dried C. paliurus extracts.

Properties WE-MD-1 WE-MD/GA-2 WE-MD/GA-3 EE-MD-1 EE-MD/GA-2 EE-MD/GA-3

Moisture Content (%) 4.09 ± 0.23 a 4.45 ± 0.21 a 4.73 ± 0.78 a 4.63 ± 0.12 a 5.95 ± 0.77 b 6.64 ± 1.16 b

Water Activity 0.14 ± 0.01 bc 0.18 ± 0.00 d 0.19 ± 0.02 d 0.11 ± 0.00 a 0.13 ± 0.02 b 0.16 ± 0.01 c

Hygroscopicity (g moisture/
100 g solids) 3.14 ± 0.40 b 3.00 ± 0.20 b 3.70 ± 0.92 b 2.07 ± 0.34 a 2.07 ± 0.25 a 2.16 ± 0.78 a

Solubility (%) 99.12 ± 0.72 d 94.65 ± 1.40 c 92.04 ± 1.68 b 88.81 ± 1.15 a 89.85 ± 3.11 ab 89.83 ± 1.42 ab

Bulk Density (g/mL) 0.37 ± 0.01 c 0.38 ± 0.01 d 0.38 ± 0.02 cd 0.32 ± 0.01 ab 0.33 ± 0.01 b 0.30 ± 0.00 a

Different letters (a,b,c,d) in the same row indicate significant differences at the level of p < 0.05. WE, aqueous extract; EE, ethanol extract; MD,
malto-dextrin (10–13 DE); GA, gum acacia. The numbers indicate the wall materials ratio; 1 = only MD, 2 = MD:GA of 1:1 ratio, 3 = MD:GA
of 1:3 ratio.

Water activity (aw) represents the free water available for biochemical and microbial
reactions. As an essential index for spray-dried powders, water activity largely influences
product safety and shelf life. Powders with an aw below 0.6 could be microbiologically
stable due to the limited availability of free water molecules for microbial proliferation [33].
The current samples exhibited the aw values ranging from 0.11 to 0.19, regardless of
wall materials and extract types. These aw values were much lower than the powders
produced from other plant-originated materials, e.g., watermelon [33], cranberry juice [20],
and aai berry [31]. Our results indicated that the spray-dried C. paliurus extracts were
microbiologically stable. Furthermore, the use of MD as wall material alone significantly
lowered the water activity of the final products (p < 0.05), in line with the phenomenon of
moisture-content reduction as discussed above.

3.1.2. Hygroscopicity

Hygroscopicity indicates the vulnerability of a powder product to absorb moisture
when exposed to high relative humidity conditions. In the present study, all samples
showed low hygroscopicity ranging from 2.07–3.70% in an environment having 75% rela-
tive humidity (Table 2). The values were much lower than those reported for fruit juice
powders produced from noni (19.4–22.7%) [16], aai berry (11.8–19.7%) [31], and mandarin
(17.5–18.53%) [21]. For food powders, higher hygroscopicity is frequently associated with
core material rich in sugars and organic acids with low glass transition temperatures, which
increase the powder’s tendency to water adsorption [34]. The hygroscopicity results ob-
tained from this research generally agreed with that of the spray-dried grape polyphenols
extract encapsulated by MD:GA of 6:4 under the core to coating ratio of 1:2 (hygroscopicity,
2.5%), as reported by Tolun et al. [35]. They also found that the type of wall materials
applied has a profound effect on the powder hygroscopicity. For example, MD with a
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relatively higher DE (17–20) could raise the hygroscopicity value of the resulting powder,
probably due to the presence of more hydroxyl moieties.

In the current study, the powders produced from both the ethanol and aqueous
extracts of C. paliurus showed no significant variations in hygroscopicity regardless of
the wall material used. However, the hygroscopicity (3.00–3.70%) of the aqueous extract
powders was significantly (p < 0.05) higher than all the ethanol extract samples (2.07–2.16%).
These results indicate that the nature of the extract used for feed solution preparation could
have a more significant effect on the powders’ hygroscopicity than the wall materials
applied. Nevertheless, the effect of wall material on powder hygroscopicity cannot be
dismissed. In a previous study, we applied similar wall materials, i.e., GA and MD
(two types, 17–20 DE and 10–13 DE), for encapsulation of noni juice, and found the wall
material type significantly affected the hygroscopicity of the powders produced [16]. The
trend of powder hygroscopicity was observed as MD (17–20 DE) > GA > MD (10–13 DE).
In the current study, we have applied a combination of MD and GA in different ratios
instead of using a single wall material. The interaction of MD and GA would modify
the hydrogen bonds of the hydroxyl groups in the crystalline and amorphous regions of
macromolecules, affecting the moisture absorption ability of the wall materials [16]. This
may be the reason for the different results obtained using single wall material compared to
when used in combination.

3.1.3. Solubility

Solubility, reflecting the reconstitution capacity of powders, is an essential indicator
for assessing the quality of spray-dried powders. High solubility is preferred by the food
industry for the manufacturing of different food products. Overall, the solubility of the
powder samples is high within the range of 88.8% to 99.12% (Table 2). The aqueous extract
microencapsulated using MD (WE-MD-1) gave the maximum solubility (99.12%) among
the powders. In comparison with previous studies, the solubility of spray-dried powders
derived from C. paliurus extracts was significantly superior to that of the mandarin juice
(73.82–75.30%) [21], aai berry incorporated in Tapioca starch (32.08%) [31], and green
tea leaf extracts (63–72.66%) [36]. The obtained solubility values were also comparable
to that of the spray-dried powders containing mao fruit juice (89.29–96.87%) [37], and
the aqueous extracts of mountain tea (97.3–98.6%) [30] and blackberry (88.2–97.4%) [29].
Comparing the two different types of extracts, the solubility of powders produced from
the aqueous extract were significantly (p < 0.05) higher than those of the ethanol extracts
(i.e., 92.04 to 99.12% vs. 88.81 to 89.85%). Silva et al. reported a similar finding for
green tea microcapsules. They explained that chemicals with hydrophobic groups might
present in the original ethanol extract, leading to lower solubility [36]. Their argument was
supported by a study on a medicinal plant called Devil’s Club (Oplopanax horridus) where
several hydrophobic constituents have been identified in the ethanol extract including
trans-nerolidol, falcarindiol, oplopandiol acetate, and oplopandiol [38].

3.1.4. Bulk Density

Bulk density is a crucial parameter for powder products as it is associated with mixing,
packaging, transportation, and storage [30]. In the present study, the bulk densities ranged
from 0.30 to 0.38 g/mL for all samples, comparable to that of the particles derived from
the mountain tea water extract (0.38 g/mL) [30]. In contrast, the bulk density of mandarin
juice powders (0.56–0.61 g/mL) [21] and avocado powders (0.41–0.51 g/mL) [32] were
much higher. The differences observed may be ascribed to the particle size and surface
morphology of the powders. For example, a large particle size with a wrinkled surface
would result in a greater interspace between particles, therefore occupying a high volume,
giving lower bulk density [16]. The particle size distribution of spray-dried powders could
also be responsible for this phenomenon. A homogenous spray-dried powder with uniform
particle size decreases bulk density due to larger interparticle voids. In contrast, in a system
of non-uniform particle size, bulk density will increase because the spaces between large
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interparticle voids are loaded with smaller microcapsules [39]. Furthermore, the type of
wall material used for microencapsulation could influence the surface structure of particles
and consequently affect the bulk density of powders produced. For example, Zhang et al.
found that the noni juice powders encapsulated by GA-alone had a shriveled and rough
surface with thicker indentations [16]. This surface morphology causes a large interspace
between particles, giving a lower bulk density. However, the effect of wall materials was
not apparent in the current study, probably due to the use of MD and GA in combination
instead of using each individually.

3.1.5. Color Evaluation

Color gives the first sensory impression and quality about a food product. Table 3
shows the color attributes and appearance of different spray-dried microcapsules of C.
paliurus ethanol and aqueous extracts. Generally, the L* value varied from 59.23 to 60.52.
The b* and a* values showed a relatively wider range, from 14.82 to 19.07 and from11.49
to 13.68, respectively. Both wall materials and extracts used for encapsulation showed no
significant effect on the brightness (L*). In contrast, the a* and b* values showed significant
statistical differences; the C. paliurus aqueous extract powders were less reddish and more
yellow than those obtained from the ethanol extract. Moreover, the wall material type
significantly affected the redness (a*) and the yellowness (b*) of the powders (p < 0.05),
with partial substitution of MD with GA in the feed solution producing more reddish and
browner powders. Şahin Nadeem et al. [30] reported similar observations for spray-dried
mountain tea extract. They ascribed this to the natural color of the core material and the
minor protein content (2%) and reducing sugars in GA, which were susceptible to the
Maillard browning reactions during spray-drying.

Table 3. Color attributes and appearance of spray-dried C. paliurus extracts.

Samples
Colour Attributes Powder

AppearanceL* A* B*

WE-MD-1 60.23 ± 0.84 a 11.49 ± 0.15 a 19.07 ± 0.45 d
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Table 3. Cont.

Samples
Colour Attributes Powder

AppearanceL* A* B*

EE-MD/GA-3 60.52 ± 0.62 a 13.68 ± 0.13 d 15.42 ± 0.26 a
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3.2. Morphology Observation

Figure 1 reveals the external and cross-section morphology of the spray-dried C.
paliurus powders. Generally, all samples have a marginally spherical shape with size
uniformity, surface wrinkles and dents, and no apparent cracks (rows A and B; columns a,
b, and c). The wrinkle and dent formations on the particle surface may be caused by rapid
water removal and cooling of the surface crust [35]. The intact particle surface is desirable as
it minimizes gas permeability and reduces the surface area for oxidation, thereby enhancing
the preservation and retention of the core material [16,35,36]. Moreover, the uniformity
of particle shape and size observed for all samples was significantly different from the
agglomerated and uneven morphology of powders prepared using the conventional spray-
drying technique [30–32]. The consistent size and surface morphology was attributed to
using a micro-fluidic-jet spray-dryer equipped with a special nozzle [15].
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surfaces of the ethanol extract particles (row D) were generally more homogenous with 
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be conducive to the retention of total phenolic compounds in the spray-dried powders 
will be further investigated in the following section. 

Figure 1. SEM micrograph of spray-dried C. paliurus extracts microencapsulated with (a) MD, (b) MD and
GA at the ratio of 1:1, and (c) MD and GA at the ratio of 3:1. Rows (A,B) refers to the surface structure of
powders containing aqueous and ethanol extract, respectively (500× magnification); rows (C,D) are the
cross-section structure of the aqueous-extract and ethanol extract powders, respectively (800×magnification).
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There were no clear correlations between surface morphology and wall materials
used for the spray-dried powders from the aqueous extracts (rows A; columns a, b, and
c). For the powders containing the ethanol extract (row B), the MD-GA particles (row B;
columns b and c) displayed relatively more roughness and shaper indentations than the
MD-alone powder (row B; columns a). Zhang et al. reported a similar phenomenon for the
cranberry juice powders produced via a conventional mini spray dryer [20]. The rate of
dry-shell formation determines the surface morphology due to the inflation and rupture
of voids during the spray-drying process [40]. An early dry shell formation resulted in
uneven moisture distribution within the particle, and consequently, a shriveled and rough
surface [41]. Furthermore, the cross-section images (rows C and D; columns a, b, and c)
also did not illustrate any obvious differences among the three samples with different wall
materials compositions. However, the type of extract used for spray drying indicates an
influence on the cross-section morphology of the final microcapsules. The surfaces of the
ethanol extract particles (row D) were generally more homogenous with few smaller pores
than the aqueous extract samples (row C). Whether this structure would be conducive
to the retention of total phenolic compounds in the spray-dried powders will be further
investigated in the following section.

3.3. Retentions of TPC and AOC after Spray Drying

TPC and AOC retentions were examined to evaluate the effect of spray-drying on
the bioactive compounds in the C. paliurus extracts. The results are shown in Figure 2.
Furthermore, the TPC and AOC values of the original aqueous and ethanol extracts are
listed in Supplementary Table S2 for comparison.

The TPC of powder varied from 50.35 to 63.94mg GA equivalents/g, significantly
lower than the value of the original aqueous and ethanol extracts (65.18 and 94.76 mg GA
equivalents/dw). This indicated the degradation of some phenolic compounds during
thermal treatment as induced by the spray drying process. Both wall material and extract
types significantly (p < 0.05) influenced the TPC retention in the final products (Figure 2B).
The highest TPC retention was in the WE-MD/GA-2 sample (90.31%), followed by the WE-
MD-1 and WE-MD/GA-3 samples (84.69% and 81.02%, respectively). These results indicate
that the MD-GA mixture in a 1:1 ratio worked well to protect the phenolic compounds of
C. paliurus aqueous extract. The superiority of MD-GA blends was also observed for the
microencapsulation of cranberry juice (TPC retention, 138–216%) [20] and mandarin juice
(chlorogenic acid retention, 92.7–225%) [21], and was further confirmed by Idham et al. [42],
who studied the microencapsulation efficiency of anthocyanins from Hibiscus Sabdariffa L.
The chemical composition of MD and GA could have contributed to their superiority in
preserving the TPC of the aqueous extract-derived powders. GA contains a trace amount
of protein (2%) which can be covalently bound to the carbohydrate group in MD, forming
a sound barrier for protecting core materials. In addition, both protein and GA also
have film-forming properties. These factors may explain the good bioactive preserving
properties of GA when used in combination with MD [20,25]. Furthermore, it is also
possible for the hydroxyl moieties in the phenolic compounds to form hydrogen bonds
with the trace protein in GA, which would further reinforce the protection of phenolic in
the microcapsules, thereby enhancing the TPC retention [43]. Maltodextrin also provided
promising results, as observed in the aqueous and ethanol extract powders (84.69% and
75.38%, respectively). These values were reasonable and comparable to the retention of
anthocyanins (85%) in blackberry pulp powder [44] and p-hydroxybenzoic acid in the
majority of mandarin powder samples (81.5–105.8%) [21], though lower than that of TPC
retention in cranberry powder (138–216%) [20].

Comparing the extracts, TPC retention in the ethanol extract powders was significantly
lower (p < 0.05) than the aqueous extract powders (Figure 2B). This could be ascribed to the
different chemical compositions of the two extracts. The phenolic compounds in ethanol
extract could be more sensitive to heat during spray drying [4], while the aqueous extract
also contains polysaccharides [6,12] that might potentially protect phenolics to a certain
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extent. The lowest TPC retention value (56.23%) was observed for the powder of ethanol
extract microencapsulated by MD and GA in 1:1 ratio (EE-MD/GA-2). The more wrinkled
particle surface of the EE-MD/GA-2 sample (Figure 1, row B and Column b) also pointed
to a relatively higher total surface area than the aqueous extract powders, which could
be linked to the lower encapsulation efficiency of phenolic compounds. In addition, the
loss of phenolic compounds could also be attributed to their thermal degradation during
spray-drying treatment [45].
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Figure 2. TPC and AOC of spray-dried C. paliurus extracts and their retentions after spray drying. (A) TPC of spray-dried
powders; (B) The retention (%) of TPC after spray drying; (C) AOC of spray-dried powders evaluated by DPPH assay;
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Figure 2C–F show the antioxidant activities of spray-dried powders and their reten-
tions after spray drying. Comparing the AOC of original extracts without encapsulation,
the FRAP assay showed significantly higher values (p < 0.05) than those from the DPPH
assay (i.e., 567.61 vs. 447.54 µM TE/g dw for aqueous extracts and 688.23 vs. 593.87 µM
TE/g dw for ethanol extracts). As two assays have different reaction mechanisms, it is
necessary to consider both when evaluating the antioxidant capacities, and this has been a
practice in many previous studies [11,29,37]. Both DPPH and FRAP assays have similar
AOC ranges for powder products (Figure 2C,E), i.e., from 331.69 to 486.72 and from 354.43
to 513.49 µM TE/g dw, respectively. These results were positively correlated with the
TPC of most powders, indicating a significant contribution of phenolic compounds to
the antioxidant properties. An exception was observed for the EE-MD/GA-2 and WE-
MD/GA-3 samples; the EE-MD/GA-2 sample has significantly (p < 0.05) higher DPPH and
FRAP antioxidant activities (444.63 and 480.85 µM TE/g dw, respectively) than the WE-
MD/GA-3 sample (331.69 and 354.43 µM TE/g dw), but their TPC values had no statistical
significance (p > 0.05). The increased AOC as displayed by the EE-MD/GA-2 sample might
be attributed to its Maillard reaction products that showed antioxidant potential, such
as 5-hydroxymethylfurfural [46]. After spray drying, the retention of AOC as analyzed
by DPPH and FRAP assays varied from 75.27–94.42% and 71.18–92.52% for both extracts,
respectively (Figure 2D,F). The aqueous extract encapsulated by the GA-MD mixture of 1:1
showed the highest AOC retention of 94.42%. The possible structural changes, degradation,
re-synthesis and polymerization of phenolic compounds induced by the heat treatment
may be responsible for the reduced antioxidant activities after spray drying [35].

3.4. Individual Phenolic Compounds in C. paliurus Powders

An HPLC-DAD system was used to analyze and quantitate individual phenolic com-
pounds in the resulting powders to investigate the effect of wall materials on phenolic retention
and to clarify the suitable sample type (aqueous or ethanol extract) for preparing the C. paliurus
microcapsules. Table 4 showed the concentrations of 14 major phenolic compounds (seven
each for phenolic acids and flavonols) in C. paliurus extracts before and after spray drying.

Chlorogenic acid remained predominant in both original extracts and spray-dried pow-
ders, accounting for 51–54% of the total quantified phenolic components (33.06–36.32 mg/g dw
for powder samples; 40.8 and 45.5 mg/g dw for aqueous and ethanol extracts, respectively).
The ethanol extract contained 23.52 mg/g dw chlorogenic acid, significantly higher than the
aqueous one (21.96 mg/g dw). The C. paliurus powders contained 16.94–17.38 mg/g dw of
chlorogenic acid, with the highest value found in the WE-MD/GA2 sample (18.55 mg/g dw).
Quercetin-3-O-glucuronide was the second major phenolic component, occupied ap-
proximately 17% of the total in powder samples. The concentrations of quercetin-3-
O-glucuronide in the original aqueous and ethanol C. paliurus extracts were 4.13 and
4.88 mg/g dw, respectively (Table 4), which was much higher than the findings of Zhou et al.
(0.2–3.7 mg/g) [11]. This might be attributed to the plant diversity of C. paliurus, as the phe-
nolic profiles of C. paliurus were found to be quantitatively and qualitatively different across
geographical location [11]. The other major phenolic components in the powder samples
included quercetin-3-O-rhamnoside, 5-O-caffeoylquinic acid, myricetin-3-O-galactoside,
and 1,3-dicaffeoylquinic acid, with proportions of approximately 8.4%, 6.6%, 5.1%, and
3.1%, respectively. The total quantitative contribution of the remaining eight phenolic com-
pounds was less than 10%, which included kaempferol-3-O-glucoside (0.73–0.95 mg/g),
kaempferol-3-O-rhamnoside (0.71–1.06 mg/g), quercetin-3-O-glucoside (0.53–0.80 mg/g),
4,5-dicaffeoylquinic acid (0.36–0.51 mg/g), quercetin-3-O-galactoside (0.21–0.32 mg/g),
1,5-dicaffeoylquinic acid (0.15–0.17 mg/g), 3,4-dicaffeoylquinic acid (0.13–0.16 mg/g), and
caffeic acid (0.11–0.16 mg/g).
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To further visualize the distribution of individual phenolic compounds among powder
samples, unsupervised PCA analysis was performed using SIMCA 16 software and the
plot is shown as Figure 3. The first two principal components explained a total of 88.7%
of variables (59.5% and 29.2%, respectively). The PCA Biplot showed a clear separation
between powders derived from different C. paliurus extracts. For example, powders of the
aqueous extract were located on the left side of the plot, whereas ethanol extract powders
were on the right with high loadings of most flavonols such as kaempferol-3-O-rhamnoside,
kaempferol-3-O-glucoside, quercetin-3-O-glucoside, quercetin-3-O-rhamnoside, etc. Note-
worthy, the aqueous extract of C. paliurus encapsulated by MD-GA blends of 1:1 (i.e.,
the WE-MD/GA-2 sample) showed high correlations with one flavonol (myricetin-3-O-
galactoside) and all phenolic acids except 4,5-dicaffeoylquinic acid.

The distribution of phenolic compounds among powder samples was related to their
initial concentrations in the extracts as shown in Table 4. Zhou et al. found that the
extraction solvent applied significantly influenced the bioactive profiles of C. paliurus
extracts [11]. They reported that water was an efficient solvent for extracting phenolic acids,
especially 3-O-caffeoyluinic acid and 4-O-caffeoyluinic acid, while the ethanol yielded high
concentrations of triterpenoid and flavonoids [11]. We also observed solvent-specificity
towards different phenolic compounds. From Table 4, a significantly higher number of
flavonols were extracted by the ethanol than the aqueous solution, with the only exception
being that for myricetin-3-O-galactoside (aqueous, 1.24 mg/g dw; ethanol, 0.96 mg/g
dw). For some phenolic acids, the ethanol solution exhibited higher efficiency than the
aqueous solution, such as chlorogenic (35.52 vs. 21.96 mg/g dw), 3,4-dicaffeoylquinic
(0.33 vs. 0.24 mg/g dw), and 4,5-dicaffeoylquinic (1.40 vs. 0.96 mg/g) acids. On the
other hand, other phenolic acids e.g., 5-O-caffeoylquinic, caffeic, 1,3-dicaffeoylquinic, and
1,5-dicaffeoylquinic acids, showed no significant quantitative differences in the aqueous
and ethanol extracts. The discrepancy between our results and those reported by Zhou in
phenolic acid extraction might be due to the concentration of ethanol used for extraction, i.e.,
30% ethanol in the current study vs. 70% in the study of Zhou et al. [11], which affected the
polarity of the solvent, and consequently the compound solubility and extraction efficiency.
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3.5. Retention of Individual Phenolic Compounds after Spray Drying

The hot air applied during spray drying could induce changes to the phenolic com-
pounds. Individual phenolics showed different rates of compound retention, as shown
in Table 4. Two flavanols (i.e., quercetin-3-O-glucuronide and myricetin-3-O-galactoside)
were retained at above 100% (115.63–152.6%) in all samples after drying. Similarly, in a
previous study, we have found that the contents of myricetin-3-O-galactoside and quercetin-
3-galactoside in the spray-dried powers were significantly higher than that of freshly pre-
pared powers (302.0 vs. 74.3 µg/g and 479.5 vs. 205.5 µg/g, respectively) after 8 weeks’
storage at 45 ◦C [20]. This indicated that some flavonols in the core material might change
under high temperatures even after encapsulation. As for the spray-drying process, a shell
was gradually formed at the droplet surface, during which the core material suffers thermal
treatment up to 180 ◦C. This offers the possibility of increased contents of quercetin-3-O-
glucuronide and myricetin-3-O-galactoside in the resulting powders. Zhang et al. [20]
thought that the above compounds might be released from the phenolic polymers or
transformed from other unstable glycosides. Quercetin arabino-furanoside and myricetin
arabinoside are less stable than other glycosides and, thus, could be more susceptible
to thermal degradation during processing. For example, only 24% and 22% of quercetin
arabino-furanoside and myricetin arabinoside were retained in cranberry juices pasteurized
at 90 ◦C for 10 min [47]. Similarly, an accelerated storage of apple juices at 70–100 ◦C has
also confirmed the stability of different glycosides of quercetin. The order of quercetin
glycosides stability was found as quercetin galactoside > quercetin glucoside > quercetin
arabinoside [48]. Therefore, during the spray-drying process, flavonol arabinoside and
arabino-furanoside could be degraded at high temperatures and transformed into more sta-
ble chemical forms, i.e., galactoside and glucuronide. These arguments offer explanations
for the increased contents of myricetin-3-O-galactoside and quercetin-3-O-glucuronide
after spray drying, as shown in Table 4. However, further research would be necessary
to elucidate and confirm this phenomenon, and also investigate the effectiveness of wall
materials to protect these unstable flavonol glycosides.

The maximum retention levels obtained for 5-O-caffeoylquinic acid, chlorogenic acid,
quercetin-3-O-glucoside, and 1,3-dicaffeoylquinic acid were 93.77%, 84.56%, 82.06%, and
78.36%, respectively. Chlorogenic acid could be transformed into 5-O-caffeoylquinic acid
when heated between 125 to 225 ◦C [49]. Since the C. paliurus powders were prepared at an
inlet temperature of 180 ◦C, this conversion might be active in all the spray-dried powder
samples, explaining the lower recovery value of chlorogenic acid (72.80–84.56%) than that
of the 5-O-caffeoylquinic acid (83.86–93.77%). Relatively low retention rates were observed
for quercetin-3-O-rhamnoside, 3,4-dicaffeoylqunic acid, kaempferol-3-O-glucoside, and
1,5-dicaffeoylqunic acid in the powders, with the highest attainment found in the WE-
MD/GA-2 sample (p < 0.05). Other phenolic compounds have retentions of below 60%,
with caffeic acid being the least recovered phenolic (32.80%) in the EE-MD/GA-2 sample.

Despite the fact that the individual phenolic content and recovery varied among
samples, significantly higher retention of all the 14 phenolic compounds, especially those
widely reported in C. paliurus (i.e., chlorogenic acid, quercetin-3-O-glucuronide, and 5-
O-diffeolyquic acid), were significantly higher (p < 0.05) in the WE-MD/GA-2 sample.
Overall, this sample also exhibited high retention of TPC. The results indicate that microen-
capsulation of aqueous extract of C. paliurus using a combination of MD and GA at 1:1 ratio
could be a promising way to protect the phenolic compounds of C. paliurus.

4. Conclusions

The present study has provided insights into the microencapsulation of C. paliurus
aqueous- and ethanolic-extracts using a mono-fluidic-jet spray drying technique. The
powders produced were uniform in particle sizes with dented and marginally spherical-
shaped microstructures. They were bright yellowish to brown colors, resembling the
typical color of most tea-derived products. Their solubility in water was excellent, ranging
from 88.81 and 99.12%. In addition, the powders have good storage stability, as reflected by
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their low moisture content (4.09 to 6.64%), water activity (0.11 to 0.19) and hygroscopicity.
The phenolic compounds of C. paliurus were well-protected in the spray-dried powders,
with the highest retention being > 94%. The individual phenolic profile, TPC and AOC
results have further proven the preservation of phenolic compounds after spray drying. A
combination of MD and GA at a ratio of 1:1 gave the best retention of phenolic compounds
from the aqueous extract. Overall, the current study demonstrated a promising way to
protect the phenolic and antioxidant capacities of C. paliurus extracts. The study could
serve as a reference for future research and commercial scale processing to produce novel
functional food powder with good physicochemical properties and health benefits from
C. paliurus. Transforming the C. paliurus extracts into a versatile powder format could
provide a window of opportunity for its application in various functional food products
for a wider population.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10122910/s1, Table S1: Calibration curves for the quantitation of individual phenolic
compounds, Table S2: TPC, DPPH, and FRAP results of the optimized aqueous (WE) and ethanol
extracts (EE).
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Abstract: During the manufacturing of mozzarella, cheese curds are heated to the desired stretching
temperature traditionally by immersion in water, which influences the curd characteristics before
stretching, and consequently the final cheese properties. In this study, cheese curds were immersed in
hot water at 60, 70, 80 and 90 ◦C up to 16 min and the kinetics of mass loss and changes of rheological
properties were investigated. The total mass of cooked curds increased up to 10% during the first
minute, independent of the temperature, as a consequence of water retention. Fat was the main
component lost into the cooking water (<3.5% w/w), while the concentration of protein increased up to
3.4% (w/w) compared to uncooked curds due to the loss of other components. Curds macrostructure
during cooking showed that curds fully fuse at 70 ◦C/4 min; 80 ◦C/2 min and 90 ◦C/1 min, while
after intensive cooking (>8 min) they lost the ability to fuse as a consequence of protein contraction
and fat loss. Storage modulus, representing the curd strength, was dependent on cooking temperature
and positively, and linearly, correlated with curd protein content (21.7–24.9%). This work shows
the potential to modify curd composition and structure, which will have consequences for further
processing and final product properties.

Keywords: cheese curd; cooking time and temperature; mass loss; rheology

1. Introduction

Pasta-filata cheese processing involves a combined cooking-stretching step, during
which the cheese curd is first cooked in hot water followed by shear stretching. The
purpose of the cooking is to achieve the gel-sol transition temperature (i.e., the temperature
where storage modulus G′ equals loss modulus, G′ ′) that is necessary to plasticize the
cheese curd during stretching [1]. Typically, curd cooking is done in hot water, with a
curd-to-water ratio of 1 to 1.4 [2–4], at temperatures that usually range from 60 ◦C to 85 ◦C
and time ranging from 4 to 27 min [5,6]. Phase transition, molecular redistribution and
compositional loss occur in cheese curd during this process: the curd mass transits from a
viscoelastic solid to a viscoelastic liquid state during heating due to weakening of protein
phase [7]; fat coalescence arises with increasing curd temperatures [8]; protein, fat, and
calcium migrate from the curd into the water [6]. The extent of these transformations and
mass loss depend on the equipment and processing parameters selected that determine the
heat and mass transfer from the heating medium to the curd.

Combined thermal and mechanical effects on cheese composition have been reported
in literature since cooking-stretching is usually applied in a single unit operation in the
dairy industry. Bähler et al. (2013) reported that an increase in cooking temperature from
55 to 70 ◦C reduced the cheese yield from 0.88 to 0.59 g/g [4]. Banville et al. (2016) reported
higher protein and lower fat contents of the cheeses after thermomechanical processing in
60–70 ◦C water, and an average weight loss of 10% was observed that was mainly caused
by the fat loss [9]. Our previous study showed that increasing cooking residence time of
cheese curd in cooker-stretcher induced increased water and decreased protein and fat
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contents of the cheese, by respectively 5.6%, 5.4% and 8.8% (w/w) [6]. However, due to the
various equipment and processing parameters used, as well as the combination of thermal
and mechanical effects, it is difficult to extract the effects of the cooking process alone on
mass loss and cheese curd composition.

There is also limited information about the rheological properties of the curd during
the cooking process, although the rheological properties of cheese have been extensively
studied. Cheese is a viscoelastic material and its rheological properties have been con-
sidered more crucial than flavor attributes for consumer preferences [7]. The number,
strength, and type of bonds between casein molecules constitute the basis of the cheese
rheological properties [7], while these attributes are influenced by cheese composition and
microstructure. Influence of fat on cheese rigidity (storage modulus, G′) was found to be
dependent on temperature: increased fat content induced increased G′ at 10 ◦C, whereas
the effect was not apparent at 25 ◦C because G′ of fat approaches that of the protein gel [10].
Gel-sol transition temperature was found to increase with calcium-to-protein ratio [11],
and the higher transition temperature indicates more difficult plasticization and melting
due to higher proportion of colloidal Ca and strengthened protein phase [7,12]. Hence,
changes of rheological properties of the curd during the cooking process are important to
investigate as they will determine the structural arrangements of the curd at the starting
point of further processing.

Although, the cooking step determines the curd yield, composition, structural proper-
ties and consequently influences the functionality of the final cheese product, knowledge
about the mass loss during the cooking process at different temperatures, as well as conse-
quences for physical–chemical and structural properties of the curd have not been assessed.
This knowledge is relevant to understand the performance of curds during further process-
ing (e.g., stretching) and develop innovative dairy products. Thus, the current study aims
to determine the kinetics of mass loss from the curd during cooking at temperatures from
60 to 90 ◦C up to 16 min and consequences for structural and rheological properties of the
curd.

2. Materials and Methods
2.1. Sample Preparation and Cooking Process

Frozen (−20 ◦C) ‘Cagliata’ mozzarella curd (24.0% protein, 27.0% fat, 43.7% water,
0.82% Ca, 0.69% NaCl) was provided by Arla Foods (Fredericia, Denmark). The curd was
fermented by starter culture brined in NaCl and had a pH of 5.6. It was stored in a 4 ◦C
refrigerator for three days before processing in order to fully defrost. The curd was then
cut into 1 cm3 cubes using a wire cutter and 30 g of curd was cooked with 2.5% (w/v) NaCl
solution at 60, 70, 80 and 90 ◦C in a shaking water bath (Grant Instruments, Cambridge,
UK) at 125 rpm. The curd-to-water ratio was 1:1 (w/w) (30 g curd and 30 g water) and
each experiment was performed in duplicate. Based on pre-experiments, the liquid was
separated from the curd using a sieve after 1-, 2-, 4-, 8-, 12- and 16-min cooking time, and
stored at−20 ◦C until composition analysis. The cooked curd was weighted, photographed,
transferred into a cylindrical cup and stored at 4 ◦C overnight for rheological measurements
on the following day.

2.2. Composition Analysis of Cooking Water

Nitrogen, fat and water content were determined by the Kjeldahl [13], Gerber [14] and
the oven-drying [15] methods, respectively. Protein was quantified by Kjeldahl using a
nitrogen conversion factor of 6.38. The water content was determined at 105 ◦C. Calcium
and sodium content was measured by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES; Agilent Technologies, Santa Clara, CA, USA). Before analysis, 1 g
of sample was digested with 8 ml HNO3 (65%) and 2 ml HCl (37%) using a Multiwave
GO microwave (Anton Paar, Graz, Austria). Standards in a range of 0.04–20 mg L−1 were
prepared from multi-element (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg,
Mn, Na, Ni, Pb, Sr, Tl, Zn) standard solution IV from Merck KGaA. Standard curves were
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determined at the wavelengths of 396.847 nm and 588.995 nm for calcium and sodium,
respectively. All analysis were performed in duplicate.

2.3. Rheological Properties of Cooked Curd

Rheological properties were determined by the methods of Feng et al. (2021) with some
modifications [6]. The rheological properties of the cheeses were studied on a rheometer
(Discovery HR-2, TA Instruments, New Castle, DE, USA) with 25 mm diameter serrated
parallel plates. Disc-shaped cheese samples of 25 mm diameter and ~2 mm thickness
were prepared and equilibrated for 5 min at the test temperature. A 1N normal force was
used to define the measurement gap. A ring of paraffin oil was placed around the sample
periphery to avoid moisture loss during rheological measurements.

Frequency sweeps were conducted by applying frequencies in descending order from
50 Hz to 0.1 Hz at 20 ◦C using 0.1% strain amplitude (within linear viscoelastic region).
The data of storage modulus G′ was fitted to the following equation:

G′ = G′1 · ωn (1)

where G′1 is the storage modulus measured at 1 Hz,ω is the frequency in Hz, and n is the
degree of frequency dependence.

In temperature sweeps, strain and frequency were 0.1% and 1 Hz respectively and the
temperature was increased from 20 to 100 ◦C. The rate of the Peltier heating system was set
at 3 ◦C·min−1. All rheological measurements were conducted at least in duplicate.

2.4. Thermal Analysis of Uncooked Curd by Differential Scanning Calorimetry

The thermal properties of the uncooked Cagliata curd were evaluated by differential
scanning calorimetry (DSC 1, Stare System, Mettler Toledo, Glostrup, Denmark). Samples
of 10–15 mg were placed in aluminum pans and heated from 20 ◦C up to 90 ◦C with a
heating rate of 5 ◦C·min−1. An empty sealed aluminum pan was used as reference in every
test. Heat flow (W·g−1) versus temperature curves was obtained. Triplicate was measured
for the curd sample.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) followed by a Duncan test was done to verify
differences between means using IBM SPSS Statistics 28 (IBM Corporation, Somers, NY,
USA). Differences were considered significant at the probability level p < 0.05.

3. Results and Discussion
3.1. Mass Transfer from Curd to the Cooking Water

The total mass loss (yield) (Table 1) shows an initial mass gain, independent of the
cooking water temperature during the first 4 or 8 min of cooking up to 10% followed by
a mass loss up to 7% for curds cooked for 16 min at 70 or 80 ◦C. These results can be
explained by the hydration of the curds when immersed in water and by the changes in
the individual components of the curd as will be discussed below.

Water, protein, fat, Ca in the curds after cooking at 60, 70, 80 and 90 ◦C for 1, 2, 4, 8, 12
and 16 min are shown in Figure 1. The figures on the left side (Figure 1a,c,e,g,i) show the
mass in grams of each component remained in the 30 g original curd, while those on the
right side (Figure 1b,d,f,h,j) show the final % (w/w) of each component in the cooked curd.
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Table 1. Yield (g cooked curd/g initial uncooked curd), reported as means ± standard deviation.

Yield (G Cooked Curd/G Initial Uncooked Curd)

Cooking Time
(Min)

Water Temperature During Cooking

60 ◦C 70 ◦C 80 ◦C 90 ◦C

1 1.08 ± 0.01 Aa 1.08 ± 0.01 Aa 1.10 ± 0.01 Aa 1.09 ± 0.01 Aa

2 1.05 ± 0.01 Ba 1.07 ± 0.01 Aa 1.06 ± 0.00 Ba 1.08 ± 0.01 Aa

4 1.03 ± 0.01 Ca 1.02 ± 0.01 Ba 1.04 ± 0.01 Ba 1.03 ± 0.02 Ba

8 1.01 ± 0.00 Dab 0.99 ± 0.00 Ca 1.00 ± 0.01 Cab 1.02 ± 0.01 Bb

12 0.98 ± 0.00 Ea 0.94 ± 0.02 Da 0.98 ± 0.02 Ca 0.96 ± 0.01 Ba

16 0.98 ± 0.00 Ea 0.93 ± 0.01 Db 0.93 ± 0.01 Db 0.96 ± 0.01 Ba

A–E Different letters in the same column indicate significantly difference (p < 0.05). a–b Different letters in the same
row indicate significantly difference (p < 0.05).

A significant increase of water content from 13.1 g to 16.2–16.5 g (p < 0.05) in 30 g
of curd is observed in the first minute of cooking (Figure 1a, because cooking water gets
attached to the curd surface and entrapped between the individual curd cubes. With
the longer cooking until 8 min, water content in the cooked curds was always above the
water content level of the uncooked curd due to the presence of surface and entrapped
cooking water. The amount of the entrapped water decreased from 16.2–16.5 g (1 min)
to 12.6–13.7 g (16 min) in 30 g curd with increased cooking time (p < 0.05) since the
cooked curd gradually lost the ability to retain the water. The cooking temperature did
not play a significant role in affecting the water content until 12 min, likely because of
the surface temperature. To identify the temperature effect after 12 min, Figure 2 shows
the water content in 30 g curds cooked for 12–16 min in comparison with uncooked
curds. No significant difference between the cooked and uncooked curds was observed,
due to the large standard deviations, though the curds processed at 70 ◦C/12–16 min
displayed significantly lower (p < 0.05) water content (12.5–12.6 g) compared to curds
obtained at 80 ◦C/12 min and 90 ◦C/12–16 min (13.4–13.8 g). As previously reported,
cheese heating at 60–100 ◦C can induce contraction and shrinkage of the protein network
and simultaneous expulsion of water as a result of increased hydrophobic interactions
between casein molecules [16]. Hence, the slightly lower water content at 70 ◦C might be
attributed to the structural changes of the casein network that expelled water. However,
curds cooked at 80–90 ◦C presented a higher water content probably because of the sudden
shrinkage of the curd protein matrix and skin formation that hindered syneresis at such
high temperatures [17,18]. These changes in the casein network might be a result of Ca
precipitation due to heat treatment that affected Ca-protein interactions [19]. This is also
visible in Figure 1b that shows that the water in the cooked curd reduced by 5% during
cooking at 60–80 ◦C, whereas to a less extent (2%) at 90 ◦C due to the formed skin as
mentioned.

The protein content of the curd was mainly affected by the cooking time and not
by the temperature in the range studied (Figure 1c). The rate of protein release into the
water slowed down after 2 min cooking and tends to stabilize for longer cooking times,
suggesting that most protein losses occurred at the curd surface at initial cooking phase.
The absolute protein loss in 30 g curd was only 0.17 g, which represent a 3.5% increase
of protein content (Figure 1d) in the cooked curd as a result of loss of other components,
i.e., fat, etc. The cooking temperature had little effect on protein content, only at 16 min
cooking statistically significant differences were observed between 60/90 ◦C and 70/80 ◦C
(p < 0.05). This could be an indication of a weakened protein matrix that requires further
studies in the future.
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Figure 1. Content (%, w/w) of water, protein, fat, calcium and NaCl retained in curd at varied cooking
conditions. (a,c,e,g,i) show the content in 30 g original curd while (b,d,f,h,j) show the % concentration
in final curd. The error bars indicate standard deviations.
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Fat was the main component lost into the cooking water, which at maximum decreased
from 8.1 g to 6.6 g in 30 g curd for 80 ◦C as cooking time increased up to 16 min (Figure 1e).
Longer cooking resulted in increased curd temperature and thus enhanced fat mobility.
The highly mobile fat can, therefore, lead to fat coalescence and free oil release [4]. Different
from protein content, fat content exhibited a sudden decrease at 8 min cooking for all
temperatures, except 60 ◦C, suggesting that the coalesced fat is released from the curd
casein matrix. Similar to water and protein kinetics, fat content at 90 ◦C decreased to
a less extent compared to that at 70 and 80 ◦C, which may be due to the fact that fat
migration is limited by the toughened protein matrix and skin formation at surface of
the curds [20]. Thus, at cooking temperature of 90 ◦C, the curd surface might contract,
forming a skin that hindered the rate of fat release. Figure 1f shows that, in fact, the %
of fat content in the cooked curds increased with cooking time up to 8 min and this was
not strongly influenced by temperature, whereas after 8 min significant differences are
observed. At 60 ◦C the % fat content is higher for curds cooked at 16 min compared to 1 min
cooking, whereas at 70–90 ◦C a significant decrease of fat content is observed (p < 0.05).
The increase in the initial times of cooking was simply due to the loss of other components,
specially entrapped water, and relatively limited fat release. After 8–12 min, as all the curd
mass reached the water temperature, significant fat loss occurred as observed in Figure 1e
(p < 0.05).

The amount of Ca in the curd (Figure 1g) not only decreased with cooking time but
also reached a lower value at temperatures of 70–90 ◦C, compared to 60 ◦C. Ca seems
to have been continuously lost into the water together with protein, as similar trend is
observed for Ca and protein (Figure 1d). Ca:protein ratio in the curd (Figure 3) was
relatively less affected by the cooking temperature. It was reported that an increase from
15.8 to 31 mg Ca g−1 protein induced decreased gel-sol temperature from 60 to 51.7 ◦C [11].
Thus, the slight reduction of Ca:protein from 34.2 to 31.2 mg Ca g−1 protein is not expected
to induce significant changes on the curd properties. However, the proportion of soluble
and insoluble Ca might be different, which is highly affected by water and temperature,
and has been reported to play an important role in melting properties of cheese [21].
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Figure 3. Calcium-to-protein ratio in mg calcium·g−1 protein at during cooking in water at 60, 70, 80
and 90 ◦C. The error bars indicate standard deviations.

Limited uptake or loss of NaCl from the curds to the water was observed during
the cooking process, however, differences in salt content is observed at different tempera-
tures (Figure 1i,j). After 16 min the cooked curds at 60 ◦C exhibited a lower NaCl content
(0.4 ± 0.2% w/w) compared to cooked curds at 70, 80 and 90 ◦C curds that had respectively
0.8 ± 0.6%, 1.3 ± 0.3% and 0.9 ± 0.1%), which was also similar to the content after 1 min
cooking. These differences are due, as previously discussed, to the surface water and en-
trapped cooking water that contained 2.5% NaCl. Therefore, at water temperature >70 ◦C
acceleration of salting was observed.

3.2. Macrostructural and Rheological Properties of Curds during Water Cooking

The appearance of cooked curd after cooking at 60 to 90 ◦C/1–16 min is shown in
Figure 4, and a summary of the time, at which the macrostructure transitions occurred
are presented in Table 2. It was noticed that the curds were always kept separated in the
cooking water during cooking. Independent of the temperature, a general observation
is that, as cooking time proceeds, curd cubes were able to fuse into one block after being
removed from the water. However, after a given cooking time, the curds lost the ability
to fuse together and form a block, instead separated cube particles can be observed. At
60 ◦C, the curd kept the cube shape during the first 2 min, starting to melt together after
4 min. However, the curd at 60 ◦C did not fully fuse to the same extent as observed at
other temperatures (70 ◦C/4 min and 80–90 ◦C/2 min). After 12 min cooking, the curd
appeared as separated cube particles again with visible edges and the same occurred at
earlier times for higher cooking temperatures, i.e., 8 min at 70–90 ◦C as displayed in Table 2.
Furthermore, curds cooked at 90 ◦C for longer times (12–16 min) presented visually the
coarsest particles with a rough surface, indicating extensive mass loss.
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Table 2. Cooking time (min) when curd started melting, fully melted and separated.

Phase Transition
Water Temperature During Cooking

60 ◦C 70 ◦C 80 ◦C 90 ◦C

Melting of curds
Surface melting 4 2 1 1

Fully fused -* 4 2 2
Separation of curds

Separated 12 8 8 8
* Curd cooked at 60 ◦C did not fully fuse.

The melting of curds has been attributed to liquefaction of fat, and softening of
protein matrix due to decreased number and strength of protein-protein bonds [7]. The
thermo-rheological measurements of the uncooked curd (Figure 5) showed that G′ and
G′ ′ decreased with the increase of temperature and loss tangent continuously increased
during heating, reaching its maximum value (<1) at about 90 ◦C. A previous study of
cheese has shown similar thermo-rheological behavior and two temperature ranges, one
at 20–35 ◦C and another at 50–65 ◦C with a faster rate of decrease for moduli that were
respectively attributed to melting of the fat phase and softening of the protein matrix [22].
The uncooked curd also showed two temperature ranges with faster decrease of moduli:
the melting temperature of fat at 25–45 ◦C and the softening temperature of the protein
matrix at 70–90 ◦C. DSC measurements of the uncooked curd confirmed that the fat melts
(endothermic peaks) at 25.2–41.8 ◦C with a representative curve shown in Figure 6.

Different from the cheese, uncooked curd contains tiny native fat globules that are
protected by protein layers [6], which may justify the higher melting temperature. In
addition, the higher Ca content (0.82%) and Ca:protein (34.2 mg Ca g−1 protein) in the
uncooked curd suggested more protein bound to Ca together with an increased insoluble
Ca content, which may also justify the higher protein softening temperature. Loss tangent
was lower than the reported value of 2.64 for cheese [22]. The maximum loss tangent value
is often regarded as an indicator of melt functionality. However, for the uncooked curd not
stretched, a lower maximum value indicates a viscoelastic solid that was not plasticized.
Fully melted curd was not observed at 60 ◦C (Figure 4), but only for temperature of 70 ◦C or
above, which was consistent with the observed 70–90 ◦C protein softening range (Figure 5).
The separation stage could be linked to the contraction of the casein matrix as mentioned
in Section 3.1, and the formed skin hindered further fusion of protein matrix with visually
coarser curd surface. Furthermore, the markedly reduced fat content at 8 min cooking
(Figure 1e,f) likely contributed to this separation phenomenon.
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The rheological properties of the cooked and uncooked curds were evaluated and
Figure 7 shows the storage modulus at 1 Hz, G′1, of the cooked curd produced at 60, 70,
80 and 90 ◦C up to 16 min. Storage modulus reflects the total number and strength of
protein-protein bonds in the protein matrix [7]. Curds cooked at 70 ◦C and 80 ◦C for 16 min
and 90 ◦C for 12–16 min could not be measured because it was impossible to form a disk to
be placed between the parallel plates of the rheometer. The reason could be the changes in
calcium phosphate, inducing Ca-protein interactions, which caused a strongly contracted
protein network with coarse curd surface that could not fuse to form a whole curd block
anymore. Moreover, these conditions corresponded to extensive fat loss as previously
discussed.

G′1 significantly increased as cooking time and temperature increased, which were
related to the loss of entrapped water and fat, and relatively increased protein concentration,
as well as the proportion of insoluble Ca. Lower moisture content was usually linked to
increased cheese hardness and G′ due to a lower degree of casein hydration [23]. The
observation was also in agreement with previous studies, which reported higher firmness
of low-fat cheeses than that of full- or reduced-fat cheeses that indicated increases in the
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protein concentration and a more cross-linked structure [24,25]. Rheological properties of
cheese at high temperatures are also associated with levels of insoluble Ca. The strength of
Ca-protein binding was found to increase with increasing temperature [26], and G′ at 70 ◦C
increased significantly with increasing concentrations of colloidal calcium phosphate [27].
The positive correlation between G′1 and protein content (21.7 to 24.9% w/w, Figure 8) in the
cooked curd is temperature dependent, showing that enhanced protein-protein interactions
as protein content increased have contributed to the increased strength of the protein
network. A rapid increase of G′1 is observed at higher cooking temperatures 80–90 ◦C in
comparison to 60–70 ◦C, as shown by the two trend lines for curds cooked at 60–70 ◦C
and 80–90 ◦C instead of one for all the curds. The higher slope for 80–90 ◦C treated curds
could be caused by the precipitation of the soluble Ca that led to Ca/phosphate-mediated
protein-protein interactions between casein molecules [16].
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Figure 7. Storage modulus at 1 Hz (G′1) of curd cooked at varied conditions. The error bars indicate
standard deviations.

Foods 2021, 10, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 8. Plot of storage modulus versus curd protein content. 

The crossover temperature of storage and loss moduli, Tc, (Figure 9) give an indica-
tion of the gel-sol transition point of cheese during the temperature sweep test, which can 
be associated with the point at which the cheese can rapidly melt and flow [28]. The un-
cooked curd did not show a crossover point (Figure 5), indicating a hard protein matrix 
structure with small native fat globules that impede melting. All the cooked curds showed 
values of Tc ranging from 67 to 82 °C, which indicates structural modifications caused by 
the cooking process. It is interesting to note that significantly higher Tc was observed after 
1 min cooking at 60 and 70 compared to 80–90 °C (p < 0.05). Furthermore, Tc significantly 
decreased from 79 to 68 °C during cooking 60 °C, while at cooking at 70 °C, first a decrease 
in Tc from 76 to 67 °C was observed, but suddenly increased after 8 min cooking to 75 °C 
(p < 0.05). During cooking at 80 and 90 °C, an increase of Tc is observed along the cooking 
time from 68 to 82 °C and from 69 to 80 °C, respectively. 

 
Figure 9. Crossover temperature (Tc) of curd cooked at varied cooking conditions. The error bars 
indicate standard deviations. 

60

65

70

75

80

85

0 2 4 6 8 10 12 14 16 18

T c
(°

C
)

Time (min)

60 °C 70 °C 80 °C 90 °C

Figure 8. Plot of storage modulus versus curd protein content.

The crossover temperature of storage and loss moduli, Tc, (Figure 9) give an indication
of the gel-sol transition point of cheese during the temperature sweep test, which can be
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associated with the point at which the cheese can rapidly melt and flow [28]. The uncooked
curd did not show a crossover point (Figure 5), indicating a hard protein matrix structure
with small native fat globules that impede melting. All the cooked curds showed values
of Tc ranging from 67 to 82 ◦C, which indicates structural modifications caused by the
cooking process. It is interesting to note that significantly higher Tc was observed after
1 min cooking at 60 and 70 compared to 80–90 ◦C (p < 0.05). Furthermore, Tc significantly
decreased from 79 to 68 ◦C during cooking 60 ◦C, while at cooking at 70 ◦C, first a decrease
in Tc from 76 to 67 ◦C was observed, but suddenly increased after 8 min cooking to 75 ◦C
(p < 0.05). During cooking at 80 and 90 ◦C, an increase of Tc is observed along the cooking
time from 68 to 82 ◦C and from 69 to 80 ◦C, respectively.
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These differences were unexpected but might be linked to differences in fat content
and entrapped/surface water (from cooking). Higher fat and water content were associated
with higher meltability [29,30]. Initially, with cooking at low temperatures 60–70 ◦C, the
Tc value likely depended on fat content. Increased % fat content with longer cooking at
60 ◦C/1–16 min and 70 ◦C/1–8 min (Figure 1f) could lead to earlier melting, i.e., lower Tc,
and the sudden decrease of fat content from 8 min cooking at 70 ◦C delayed the crossover
of G′ and G′ ′. Ibáñez et al. (2020) also observed a lower Tc in low-fat cheese [25]. As
the cooking temperature increased, the rheological properties of curd depend on both
water and fat content. The effect of reduced amount of entrapped water in curds cooked at
80–90 ◦C/1–8 min (Figure 1b) preceded that of increased % fat content on melting, resulting
in the higher Tc values. The longer holding times might also lead to the formation of new
heat-induced calcium-phosphate structures, which might explain the increased Tc with
extended temperature/time.

3.3. Schematic Description of Mass Loss and Structural Changes in Curds as a Consequence
of Cooking

A schematic model is proposed in Figure 10 to summarize the changes in curd during
the water cooking process. The cooking process is complex and depend on: (i) cook-
ing process parameters (e.g., equipment design, curds/water ratio and water agitation);
(ii) water properties (e.g., temperature and composition (salt content, Ca, pH)); and (iii) curd
properties (size, composition, temperature).
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Figure 10. Schematic model proposed for kinetics of mass transfer during cooking of cheese curd.

In this study, three stages were identified to describe the molecular migration and
microstructural changes taking place during water cooking. The original curd, consists of a
protein (casein) matrix with homogeneously distributed water (serum) and fat globules.
Ca is either soluble in the water phase or bound to the protein matrix. When the curd is
immersed in water, heat is transferred from the water surrounding the curd cubes to the
cube surface, which causes an increase of the water content in the curds. As the surface
temperature of the cube increases, the curds surface softens after a few minutes of cooking
and the cubes lose the edges due to the water agitation. As heat is transported from the
cube surface to the interior of the cube, the curds can then fuse into a continuous curd
block once removed from the water. During this stage, protein, fat and Ca are released into
the cooking water, but the mass loss seems to occur mainly at surface. Ca becomes more
insoluble and is lost together with protein. As cooking proceeds, temperature of the cubes
increases, leading to contraction of the protein network due to an increase in hydrophobic
interactions and Ca/phosphate-mediated interactions between the para-casein molecules,
which causes the observed separated curd appearance. Protein and Ca losses continue at
reduced rate compared to the melted stage, whereas the contraction of protein network
seems to accelerate fat loss.

In summary, the conditions selected for cooking process can significantly alter cheese
curd status and influence its structural and rheological properties. Further studies are
needed to further understand changes at molecular and microstructural level.

4. Conclusions

Cooking time and temperature induce significant changes in cheese curd composition
and rheological properties. Increase of water temperatures from 60 ◦C to 90 ◦C and long
cooking times significantly accelerate these changes. A significant amount of water coats
the curds surface after immersion in water, which has an important role both for mass and
heat transfer. The total mass of cooked curds increased up to 10% during the first minutes
of cooking, independent of the cooking temperature, although for longer cooking times
the mass loss reached 7%. Fat was the main component lost from curd into the cooking
water (<3.5% loss based on final curd mass), due to fat liquefaction and migration as the
heating intensity increased. Although slight protein and Ca losses were observed, the
final concentrations in the cooked curds increased up to 3.4% and 0.07%, respectively. The
rate of protein and Ca losses decreased with the cooking time, while the rate of fat loss
increased with longer cooking. Thus, fat content in the cooked curds exhibited a sudden
decrease after 8 min cooking for all temperatures, which was coincided with the separation
phenomenon observed, i.e., inability of curds to fuse. G′ and Tc were highly influenced
by cooking time and temperature, which were related to loss of water and fat, increase of
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protein content and increased insoluble Ca-phosphate, and G′ was linearly correlated with
increased protein content 21.7–24.9%.

This cooking study provides initial knowledge about compositional and rheological
changes of curd during cooking, and the influence of water temperature and cooking time.
Further studies are needed at molecular and microstructural level to further understand
the changes observed and to assess the effect of other relevant parameters.

Author Contributions: Conceptualization, R.F., S.K.L. and L.A.; methodology, R.F., S.K.L. and L.A.;
formal analysis, R.F.; investigation, R.F.; writing—original draft preparation, R.F.; writing—review
and editing, S.K.L. and L.A.; supervision, L.A.; project administration, L.A.; funding acquisition, L.A.
All authors have read and agreed to the published version of the manuscript.
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Abstract: The aim of this study was to understand (i) the in vivo mastication behaviour of cooked
black beans (chewing duration, texture perception, oral bolus particle size, microstructure, and
salivary α-amylase) and (ii) the in vitro digestibility of starch and protein of in vivo-generated black
bean oral bolus under simulated gastrointestinal condition. The beans were pre-treated using pulsed
electric field (PEF) with and without calcium chloride (CaCl2) addition prior to cooking. The surface
response model based on least square was used to optimise PEF processing condition in order to
achieve the same texture properties of cooked legumes except for chewiness. In vivo mastication
behaviour of the participants (n = 17) was characterized for the particle size of the resulting bolus,
their salivary α-amylase activity, and the total chewing duration before the bolus was deemed ready
for swallowing. In vitro starch and protein digestibility of the masticated bolus generated in vivo by
each participant along the gastrointestinal phase were then studied. This study found two distinct
groups of chewers—fast and slow chewers who masticated all black bean beans, on average, for
<25 and >29 s, respectively, to achieve a bolus ready for swallowing. Longer durations of chewing
resulted in boluses with small-sized particles (majorly composed of a higher number of broken-down
cotyledons (2–5 mm2 particle size), fewer seed coats (5–13 mm2 particle size)), and higher activity
of α-amylase. Therefore, slow chewers consistently exhibited a higher in vitro digestibility of both
the starch and protein of processed black beans compared to fast chewers. Despite such distinct
difference in the nutritional implication for both groups of chewers, the in vivo masticated oral bolus
generated by fast chewers revealed that the processing conditions involving the PEF and addition of
CaCl2 of black beans appeared to significantly (p < 0.05) enhance the in vitro digestibility of protein
(by two-fold compared to untreated samples) without stimulating a considerable increase in the
starch digestibility. These findings clearly demonstrated that the food structure of cooked black beans
created through PEF treatment combined with masticatory action has the potential to modulate a
faster hydrolysis of protein during gastrointestinal digestion, thus offering an opportunity to upgrade
the quality of legume protein intake in the daily diet.

Keywords: mastication; starch digestibility; protein digestibility; texture; particle size; α-amylase;
black beans; calcium; pulsed electric field; legume; thermal processing; food oral processing

1. Introduction

Texture degradation of legumes due to thermal processing can be avoided by the
addition of exogenous calcium to form crosslinks with demethoxylated pectins, due to
activation of pectin methylesterase, to provide cell wall strengthening effect in the middle
lamellae [1,2]. Recently, there is an interest to employ cell electroporation-based technology,
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namely pulsed electric field (PEF), to accelerate the uptake of exogenous calcium [3–5] and
to modify the texture of plant materials [6,7]. So far, the application of PEF technology
for legumes has not yet been studied, especially when this technology is used prior to
hydrothermal processing. Additionally, it is not well understood how texture modification
achieved using PEF technology in the presence of calcium prior to hydrothermal processing
could impact the mastication behaviour of cooked legumes, and subsequently influencing
the digestibility of macronutrients such as starch and protein at gastrointestinal phase.

Food digestion is a dynamic process. It starts in the mouth wherein food is broken
down by the teeth through the process of chewing or mastication, which takes about 280
ms for most types of food [8]. A bolus is formed after the food is grinded to small-sized
particles and lubricated by the saliva, which contains α-amylase that can hydrolyse starches.
The bolus is then swallowed through the oesophagus into the stomach, where further size
reduction occurs by the gastric acids, enzymatic action, and peristalsis. Food bolus is then
hydrolysed in the small intestine, where most of the digestive enzymes, such as pancreatic
α-amylase and proteases and brush border enzymes, are present. Bolus formation and its
particle size, and the consequent digestibility of its starch and protein, can be influenced
by numerous factors. This includes the properties of the food such as texture, specifically
hardness, portion size, moisture and fat contents; gender, age, and the dental status of
the individual chewing the food; and the mastication behaviour such as the cycle, force
and duration, and saliva production [8]. Previous studies have found that food hardness
greatly affects the particle size of food after mastication and softer food requires a shorter
duration of mastication, resulting in larger bolus particle size [5,9]. However the effect
of food chewiness is not yet much studied. Moreover, bolus particle size was reported to
affect the nutrient digestibility of food such as starch, wherein larger particles, with smaller
surface area, were less accessible to salivary amylase and would take a longer time to be
digested at the gastrointestinal phase [10–13].

The aim of the present investigation was to understand (i) the in vivo mastication
behaviour of cooked black beans (chewing duration, texture perception, oral bolus particle
size, microstructure, and salivary α-amylase) and (ii) the in vitro digestibility of starch
and protein of in vivo-generated black bean oral bolus under simulated gastrointestinal
condition. The beans were treated using PEF processing with and without calcium chloride
prior to cooking. The optimal PEF processing parameters to achieve the same texture
properties of cooked legumes except for chewiness were firstly selected. One of the
novelties of this study is the use of image analysis to estimate the particle size distribution
of beans in the oral boluses after in vivo mastication prior to swallowing. Compared
to conventional techniques, such as laser diffraction and sieving methods [14,15], image
analysis is a more convenient and fast approach providing a more relevant and accurate
information on the particle size of heterogenous food structure with multiple layers (e.g.,
seed coat), such as black beans, and irregularly shaped particles, such as masticated
bolus. This technique is able to differentiate components of food when there are visible
distinguishable features such as colour [13], which is highly applicable to black beans due
to contrasting colours of its outer seed coat (black) and inner cotyledon (cream white).
Moreover, there is very little information in the current literature on characterising the
breakdown of these components during in vivo mastication of legumes.

2. Materials and Methods
2.1. Raw Material

One single batch of dried black beans (10 kg) procured from a local store was used.
Upon arrival, they were sorted and those with physical damage and discoloration were
excluded from the study.

2.2. Selection of PEF Treatment Parameters and Other Processing Variables

Different PEF processing parameters (electric field strength up to 2.3 kV/cm, specific
energy up to 134 kJ/kg, pulse width of 20 µs, and frequency of 50 Hz) and calcium
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chloride (CaCl2) solution (up to 300 ppm) were systematically screened in this study.
Soaked beans were placed in a PEF treatment chamber and immersed either in distilled
water or in calcium chloride (CaCl2) solution with a bean-to-solution ratio of 1:2. The
samples were PEF-treated (ELCRACK-HPV 5 PEF batch system, German Institute of Food
Technologies, Quakenbrück, Germany) based on previous work [5]. The PEF chamber
consisted of 2 parallel stainless-steel electrodes with an electrode distance of 80 mm.
Different concentrations of calcium chloride (0 up to 300 ppm CaCl2 solution) resulted in
differences in electrical conductivity averaged between 61 and 507 µS/cm. Pulse shape
(square wave bipolar) during PEF treatment was monitored using a digital oscilloscope
(UTD2042C, Uni-Trend, Dongguan City, Guangdong, China). The change in conductivity
and temperature before and after PEF treatment was measured with a conductivity meter
(CyberScan CON 11, Eutech Instruments, Queenstown, Singapore). The specific energy
input for each PEF treatment was estimated using Equation (1).

Specific energy input (kJ/kg) = (Pulse energy of the PEF generator × Pulse
number)/Total weight of black beans and CaCl2 solution

(1)

All PEF-treated beans were then cooked at 80 ◦C for 60 min and their texture properties
were determined. The texture profile analysis (TPA) for each cooked black bean sample type
(approximately 20 g to allow at least 8–10 independent texture analyses per sample) was
conducted using a texture analyser (TA-HD plus, Stable Micro Systems, Surrey, UK) based
on a double compression or ‘two-bite’ test, as described by Alpos et al. [16]. The samples
were compressed at 50% strain (5 beans per compression) using a 50 mm diameter cylinder
probe attached in a 250 kg load cell at a test speed of 1 mm/s. The textural properties
of each sample including hardness (peak force during the first compression, Newton),
cohesiveness, springiness, chewiness, and resilience was determined automatically from
the TPA curve using an in-house macro, developed in the Exponent software (Stable Micro
Systems, Surrey, UK).

For calcium content analysis, the outer seed coat and inner cotyledon of three cooked
black bean samples were individually analysed (Supplementary Materials Figure S1) due to
the considerable difference in distribution of calcium in typical legumes (70% in seed coat
vs. 30% in cotyledon) [17]. They were manually separated, frozen using liquid nitrogen
(N2), freeze-dried (Labconco FreeZone freeze dryer, Kansas City, MO, USA), and then
milled using a mortar and pestle to pass through a 425 µm mesh screen. The freeze-dried
seed coat and cotyledon (0.1 g) were firstly digested by adding 2 mL of concentrated nitric
acid (70%, v/v) in a 50 mL plastic tube. The tubes were then placed in a water bath at 95 ◦C
for 10 min to allow complete digestion. After that, the samples were diluted to 50 mL with
milli-Q water and filtered using polytetrafluoroethylene (PTFE) membrane filter (0.45 µm).
Calcium concentration in the samples were determined using an inductively coupled
plasma mass spectrometer (Agilent 7900 ICP-MS, Santa Clara, CA, USA). The auto tune
function and helium gas mode of the instrument was utilised to minimise interferences
and instrumental drift while maximising sensitivity. All samples, blanks (70% (v/v) nitric
acid), and calibration standards (NIST traceable Agilent multi element standards) were
introduced to the instrument in 2% (v/v) nitric acid. Scandium was used as the internal
standard for calcium analysis which was added online to correct for matrix effects and
instrumental drift. Calcium content measurements were performed in triplicate for each
sample treatment.

A least squares model (minimizing the sum of the squares of the residuals) based on
input variables (field strength, energy input, and calcium concentration) and responses
(hardness, cohesiveness, springiness, chewiness, and resilience) was constructed to find the
optimal settings of the input variables leading to change in chewiness, whilst preserving
the other black beans texture parameters (i.e., hardness, cohesiveness, springiness, and
resilience) during cooking by considering main effects, two-way interactions, and quadratic
terms of the input variables. Estimates, standard error of the estimates, and p-value of the
estimate for each model term were obtained (JMP Pro v.14, Cary, NC, USA). The “prediction
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profiler” feature in JMP was also employed to provide cross-sectional views of the fitted
surface response and to observe how the prediction model changes across an individual
input variable while holding the other inputs at fixed values.

2.3. Preparation of Black Bean Samples for In Vivo Mastication Study

The in vivo mastication study was conducted on three types of cooked black bean
samples (i.e., shared similar texture properties except for chewiness) based on the result ob-
tained from Section 2.2: PEF-treated in the absence of calcium chloride solution (thereafter
referred as “sample A”), PEF-treated in the presence of 300 ppm CaCl2 solution (thereafter
referred as “sample B”), and non-PEF treated black beans (thereafter referred as “sample
C”). Sample A treatment involved 2000 pulses and resulted in specific energy input of 8
kJ/kg, which took 40 ms of treatment time (pulse number × pulse width). Sample B (when
using 300 ppm CaCl2 as electrical conducting medium) underwent PEF treatment for 18
ms with 900 pulses and resulted in 13 kJ/kg specific energy input. Sample C referred to
soaked bean samples that were not treated with PEF but were thermally processed in 300
ppm CaCl2 solution right after overnight soaking.

The experimental setup of the in vivo mastication study, which comprised of sample
preparation, sample collection, and subsequent analysis, is summarised in Figure 1. A day
before the in vivo mastication study, black beans were soaked in distilled water (1:3 (w/v)
seed-to-water ratio) for 24 h at 20 ◦C. The soaking water was discarded the next day. The
soaked beans were divided into three lots, where the first two lots were allocated as samples
A and B and proceed to PEF-treatment as described in Section 2.2. The remaining soaked
beans were used as sample C. After that, all sample types were immediately thermally
processed in a temperature-controlled water bath at 80 ◦C for 60 min. Then, samples were
cooled in an ice water bath (<4 ◦C) for at least 20 min to remove the thermal load. The
sequential PEF and thermal processing for each sample was performed in 100 g lots and
then only the cooked beans (i.e., solution was removed) were pooled to obtain enough
samples for the in vivo mastication study. All sample preparations were performed under
food-grade conditions, ensuring adherence to food hygiene and safety protocols. Samples
for each treatment were used immediately on the day for the in vivo mastication (see
Section 2.4) and a small aliquot (20 g per sample) was used for texture measurement and
calcium quantification (see Section 2.2) to ensure the expected texture parameters and
calcium content were obtained prior to the in vivo mastication study.
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2.4. In Vivo Mastication Study

Participants were recruited based on the following inclusion criteria: Complete den-
tition (without removable dentures and no dental treatments for the past 3 months), no
difficulty in masticating, no pre-existing medical conditions, and no legume allergy. This
study was approved by the University of Otago human ethics committee (approval ref-
erence code: 20/038) and participants were informed in detail about the objectives and
methodology of the study before signing a written consent form. The results collected from
17 participants (comprising of 9 males and 8 females with a mean age of 27.2 ± 9.5 years)
were analysed and reported.

The study was conducted in individual sensory booths in a well-ventilated room
with fluorescent lighting. Each booth was equipped with 1 sample tray, 1 plastic spoon, a
paper questionnaire, a pen, a digital timer, and a glass of drinking water (Supplementary
Materials Figure S2). Every participant was provided with four separate portions of 5 g
(a total of 20 g) of each sample to perform the in vivo mastication. Each participant was
sequentially served (in a balanced random sample presentation order to limit first order
and carry-over effects) with three separate trays for the three samples containing a total
of 12 closed containers each tray (Supplementary Materials Figure S3): Four for each
5 g samples, 4 for the mouth rinsing water, and 4 for collection of the oral boluses. All
containers were pre-labelled with random 3-digit codes corresponding to each sample type
to prevent biased testing and it was made sure that the spitting container had the same
code as the sample container.

For each sample tray, the participants were asked to randomly select one of the
four sample containers and chew all the beans inside (5 g) in one mouthful until their
swallowing threshold. They pressed the start button of the timer once they began chewing
the sample and stopped when the sample was ready to be swallowed. The participants
were not required to consume any of the sample, but to expectorate the oral boluses into
the plastic spitting containers pre-labelled with the 3-digit code that matched with the
sample code. The participants were then asked to rinse their mouth with the rinsing water
provided (30 mL) to make sure that no food material remained in the mouth and were
expectorated into the same plastic container containing the bolus. The participants were
asked to repeat the same step for each of the sample containers remaining on the tray. The
participants were instructed to write down, on the questionnaire, the total duration that
it took for them to masticate each of the 5 g sample. After consuming all cooked beans
(coming from the same process treatment) from the 4 plastic containers in the tray, the
participants were asked to rate their texture perception of the sample on the questionnaire
using a five-point hedonic scale [18]: very soft, soft, neither too soft nor too hard, hard, and
very hard. The participants were allowed at least 30 s breaks before being presenting with
the next tray of sample. The steps were repeated for the cooked beans from the second and
third sample (either A, B, or C).

A total of 12 boluses were collected from each participant, 4 for each sample A, B, and
C. The collected boluses, in four separate containers for each sample, were allocated for
the determination of particle size distribution of bolus (see Section 2.5), α-amylase activity
in the oral bolus (see Section 2.6), microstructural evaluation (see Section 2.7) and the
amount of D-glucose released and L-serine in the digest when subjected to a subsequent
6 h long in vitro simulated gastrointestinal digestion (see Section 2.8). For those samples
intended for the in vitro digestion, 1 mL of 1 M hydrochloric acid (HCl) was immediately
added after mastication to each of the oral boluses to stop the activity of salivary amylase.
All the collected boluses were frozen using liquid nitrogen (N2) and stored at −18 ◦C
until analysis.

2.5. Particle Size Distribution of Oral Boluses Using Image Analysis
2.5.1. Image Capturing and Processing of the Oral Bolus

The particle size distribution of the oral boluses across three sample types from every
participant after masticating a portion of 5 g cooked black beans was determined using the
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image analysis technique according to the work of Bornhorst, Kostlan and Singh [13], with
modifications. Each bolus was prepared by washing them on a 1 mm sieve in running tap
water for 1 min to prevent the aggregation of the particles. Particles bigger than 1 mm that
remained on the sieve were weighed (0.5 g) into plates (17.7 cm width) with blue-coloured
background. Fifty millilitres of water were added to disperse the particles and gently stirred
to prevent particles overlapping (Supplementary Materials Figure S4, left). The particles
inside the entire blue plate were photographed alongside with a geometrical reference
(American Board of Forensic Odontology no. 2 photomacrographic standard reference
scale) for spatial calibration to convert pixels to millimetres during image processing. The
camera used to capture the image was a Canon 6D Mark II (26.2 mp, Full Frame CMOS
sensor, Ota City, Tokyo, Japan) with a Canon EF 50 mm f/1.7 STM lens, positioned 40 cm
above the base of the blue plate. The camera was set as followed: no flash, aperture F22, ISO
3200, and shutter speed 1/200 s. Four to ten images were taken for each bolus, depending
on the amounts of particles remaining on the sieve.

Captured images were analysed using the algorithm in the OpenCV software library
(Open Source Computer Vision Library v.4.4.0, Palo Alto, CA, USA). The blue plate with the
particles inside was first isolated using colour thresholding. Then, heuristics image analysis
was performed to remove unwanted light reflection from the plate. Canny edge detection
was used to identify “all” the particles in the plate and the OpenCV’s counting pixels func-
tion was used to count the total amount of pixels or the area of each identified bean particle,
according to its size and shape (whether it was complex or irregular shaped). Further
segmentation was conducted wherein the “white” and “black” particles, corresponding to
the inner cotyledon and outer seed coat, respectively, were distinguished using k-means
clustering method (Supplementary Materials Figure S4, right). The measured pixels of
“white”, “black”, and “all” particles were converted to mm2 using the reference scale.

2.5.2. Modelling the Particle Area Distribution of Oral Bolus

The calculated area for each particle was used to determine the cumulative particle
area distribution. The cumulative area percentage was then fitted to the Rosin-Rammler
model (Equation (2)) to describe the particle size distribution of the in vivo masticated
black bean bolus. This model was previously used to characterise the particle size of
almond and rice during oral mastication as determined by image analysis [13,19].

Carea= 1 − exp(−
(

x
x50

)b
ln(2)) (2)

where Carea is the cumulative area percentage of each particle from 0 to 100%, x50 is the
median particle area in mm2, and b represents the dimensionless distribution breadth con-
stant (higher b value corresponds to a narrower distribution spread). Nonlinear regression
(function ‘nls’) in R software (v.4.0.4 2021) as commanded by R Studio (v.1.4.1103 2021,
Boston, MA, USA), was used to estimate the model parameters x50 and b for each bolus.

2.6. Determination of α-Amylase Activity in Oral Boluses

The α-amylase activity in the oral boluses was determined using the Ceralpha method
of the Megazyme alpha-amylase assay kit (K-CERA 06/18, Wicklow, Ireland). The proce-
dure made use of the oligosaccharide of “non-reducing-end blocked p-nitrophenyl malto-
heptaoside” (BPNPG7) with excess levels of thermostable α-glucosidase as substrate [20].
When α-amylase reacted with the substrate, the former cleaved a bond within the latter.
Then, the excess α-glucosidase further hydrolysed the reaction product p-nitrophenyl
maltosaccharide into glucose and free p-nitrophenol. The reaction was stopped by the
addition of tri-sodium phosphate which changed the colour of the sample to yellow [20].

The sample was prepared by centrifugation of the oral boluses at 1000× g for 10 min
(IEC Micromax, Thermo Electron Corp., Milford, MA, USA). The supernatant (0.05 mL) was
then suitably diluted with the buffer (0.95 mL, 0.1 M sodium malate, 0.1 M sodium chloride,
4 mM calcium chloride, pH 5.4) provided in the kit. The diluted samples (0.1 mL) were
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transferred into bottom of 15 mL plastic tubes and pre-incubated at 40 ◦C for 5 min. The
substrate blocked p-nitrophenyl maltoheptaoside (BPNPG7) was also pre-incubated (40 ◦C
for 5 min) at the same time as the samples. After 5 min of equilibration, substrate (0.1 mL)
was added directly to each sample tube, vortexed and incubated at 40 ◦C for another
10 min. Immediately after, 3 mL of stopping reagent (20% (w/v) tri-sodium phosphate
solution, pH 11) was added and vortex mixed. The absorbance of the sample solutions and
reaction blank (0.1 mL of simulated saliva juice (2 mM sodium chloride, 2 mM potassium
chloride, and 25 mM sodium bicarbonate) reacted with 3 mL stopping reagent followed
by addition of 0.1 mL of substrate) was measured using a spectrophotometer (Specord
250 Plus, Analytik Jena, Jena, Germany) at 400 nm against distilled water. The result
was expressed as α-amylase (Ceralpha Unit, CU) in the oral boluses needed to free one
micromole of p-nitrophenol from BPNPG7 in one minute. α-amylase measurements were
performed in triplicate for each participant.

2.7. Microstructural Evaluation of Oral Boluses

The effect of oral mastication on the microstructure of the black beans was visualized
under light microscope as described previously by Gwala et al. [21]. Briefly, boluses were
lyophilised (Labconco FreeZone freeze dryer, Kansas City, MO, USA) and milled to pass
through a 425 µm mesh screen. A small amount of the sample powder was dispersed in
distilled water on a microscope slide, covered, and then observed under a light microscope
(Ceti, Auckland, New Zealand). Micrographs were viewed at 10× magnification and
captured using a camera (Medline Scientific, Oxfordshire, UK) attached to the microscope
controlled by a camera control software (ToupTek ToupView, Hangzhou, Zhejiang, China).

2.8. Simulated In Vitro Human Gastric Intestinal Digestion Assay and Determination of Starch
and Protein Digestibility

The availability of starch and protein for hydrolysis in black beans after in vivo
oral mastication was determined using the harmonised static in vitro digestion method
developed by Infogest [22]. The digestion solutions were freshly prepared on the day of
the assay according to the work of Abduh et al. [23]. Simulated saliva juice and α-amylase
solution was not added to the oral bolus sample due to prior structure breakdown and
hydrolysis occurred in vivo in the mouth. Therefore, only the gastric and small intestinal
digestion phases were simulated in vitro.

Twenty millilitres of simulated gastric solution (4% (w/v) porcine stomach pepsin
(AppliChem A4289, 0.7 FIP-U/mg, Barcelona, Spain) in 1 mM hydrochloric acid (pH 3)
containing 151 mM sodium chloride and 28 mM potassium chloride) was firstly added to
the oral bolus and incubated at 37 ◦C (Contherm Scientific Ltd., Hutt City, Wellington, New
Zealand) for 120 min with shaking (55 strokes/min, rocking motion tilt angle of 7◦, DLAB,
SK-R1807-S, New Territories, Hong Kong). After 2 h, pepsin was deactivated by adjusting
the pH to 7 with 1 M NaOH. Then, 40 mL of simulated small intestinal solution (1% (w/v)
porcine pancreas pancreatin (Sigma P1750, 4 × USP, Sigma-Aldrich, St. Louis, MO, USA)
and 0.85% (w/v) g porcine bile extract (ChemCruz SC-214601, Santa Cruz Biotechnology,
Dallas, TX, USA) in 0.1 M sodium bicarbonate (pH 7) was added and incubated at 37 ◦C
for the next 240 min with shaking.

2.8.1. Starch and Protein Digesta Collection and Measurement

Starch digesta (0.5 mL) were collected at 0 and 120 min of the gastric phase (after
addition of simulated gastric solution) and at 0, 20, 30, 40, 60, 90, 120, 180 and 240 min of the
small intestinal phase (after addition of simulated small intestinal solution). To inactivate
the digestive enzymes after each sampling, the digesta were immediately heat-shocked in a
boiling water bath for at least 10 min [24]. Then, to the collected digesta, 2.5 mL of 100 mL
sodium acetate buffer at pH 5 were added and centrifuged at 2056× g (Beckman GPR
Centrifuge, Brea, CA, USA) for 20 min. The amount of hydrolysed starch in the supernatant
was measured using the D-glucose assay kit (Megazyme, Bray, Wicklow, Ireland) according
to previous work [25–27]. Result expressed as amount of D-glucose in digest (mg).
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In this study, different starch fractions from the in vivo-generated oral boluses of
cooked black beans as digested in the small intestine were determined, which includes
readily digestible starch (RDS), digested after 20 min; slowly digestible starch (SDS),
digested between 20 to 120 min (slow but complete digestion); and resistant starch (RS)
which passed through the small intestine undigested [28,29], using Equations (3)–(5),
respectively, as follows:

RDS (%) = (G20 × 0.9 × 100)/Total starch (3)

SDS (%) = ((G120 − G20)× 0.9 × 100)/Total starch (4)

RS (%) = (TS − (RDS + SDS)× 100)/Total starch (5)

where G20 and G120 represent the D-glucose released after 20 and 120 min of small
intestinal digestion, respectively, and 0.9 is the factor to convert the measured glucose value
to polysaccharide based on the molecular mass ratio of starch to glucose (162/180) [28].
Total starch of the oral bolus was determined according to previous work [16] using the
total starch assay kit (Megazyme, Bray, Wicklow, Ireland).

Protein digesta (0.5 mL) were collected at 0, 30, 60, and 120 min of the gastric phase
(after addition of simulated gastric solution) and at 0, 20, 30, 40, 60, 90, 120, 180 and 240 min
of the small intestinal phase (after addition of simulated small intestinal solution). They
were placed in Eppendorf tubes already containing 0.5 mL of 20 (v/v%) TCA [30] and
centrifuged at 13,000× g (IEC Micromax, Thermo Electron Corp., Milford, MA, USA) for
5 min. The o-phthaldialdehyde (OPA) assay, as described by Liu, Oey, Bremer, Silcock and
Carne [30], was used to measure the hydrolysed protein in the oral bolus by determining
the free α-amino groups of the peptide fractions, using L-serine standard curve. Results
were expressed as the amount of L-serine equivalents in digest (mg).

2.8.2. Kinetic Modelling of In Vitro Starch and Protein Digestibility at the Small
Intestinal Phase

To estimate the extent and rate of starch hydrolysis of oral boluses, starch digestion
kinetics during the small intestinal phase were modelled by a fractional conversion model
(Equation (6)). The use of fractional conversion model to describe the starch digestibility
behaviour of legume has been evidenced in other previous studies [11,31].

S(t) = S f +
(

S0 − S f

)
× exp (ks · t) (6)

where S(t) is the D-glucose released at digestion time t, S0 is the amount of D-glucose at the
start of small intestinal phase (0 min), Sf is the D-glucose released at the end of the small
intestinal digestion, and ks is the rate constant of starch digestion. The model fitting and
estimation of kinetic parameters ks, S0, and Sf were estimated using nonlinear regression
function ‘nls’ in R software (v.4.0.4 2021) and R Studio (v.1.4.1103 2021, Boston, MA, USA).

Zero order kinetics model (Equation (7)) was used to estimate the extent and rate of
protein hydrolysis of oral boluses during in vitro small intestinal phase.

P(t) = P0 + kp · t (7)

where P(t) is the amount of L-serine at digestion time t, P0 is the amount of L-serine at the
start of small intestinal phase (0 min), and kp is the rate constant of protein digestion. The
model fitting and estimation of kinetic parameter (kp) was achieved using linear regression
function ‘lm’ in R software (v.4.0.4 2021) and R Studio (v.1.4.1103 2021, Boston, MA, USA).

To evaluate the goodness of fit of the kinetic models to the experimental data (starch
and protein digestibility) obtained in this study, adjusted R2 was calculated, and residual
(random distribution of error) and parity plots were assessed [21].

108



Foods 2021, 10, 2540

2.9. Statistical Data Analysis

Statistical analyses on the result from in vivo mastication study were performed using
Statistical Package for the Social Sciences (SPSS) version 25 (IBM Corp., Armonk, NY,
USA) to determine the statistical significances among sample type and participants. Data
collected such as texture parameters, estimated Rosin-Rammler model parameters x50 and
b for particle size, starch and protein digestibility, and α-amylase activity were assessed
for homogeneity using Levene’s test. Then, student’s t-test was conducted for single
comparison and analysis of variance (ANOVA) with Tukey as post hoc multiple comparison
test at 0.05 level of significance. Pearson’s correlation coefficient (r) was also used to
determine the linear relationship between the black beans texture, participants’ mastication
duration, bolus particle size, salivary α-amylase activity, and starch and protein hydrolysis.

3. Results and Discussion
3.1. Selection of PEF Treatment Parameters and Other Processing Variables

From the process optimization study, pre-treating the black beans at varying lev-
els of electric field strength and energy input in the presence of calcium did not influ-
ence their hardness, cohesiveness, springiness, and resilience after thermal processing
(Supplementary Material Table S1). A similarity in the hardness result for any PEF-treated
black bean samples was unexpected, since an application of PEF pre-treatment on other
plant matrices has been reported to cause significant texture softening effect due the ability
of PEF in disrupting the cell structure integrity [6,7,32]. It could be that the addition of
calcium chloride during the PEF treatment of the black bean samples facilitated formation
of crosslinks with demethoxylated pectins in the middle lamella during thermal processing,
preserving their texture from thermal degradation [2].

It is interesting to observe, from the process optimization study, that the chewiness of
cooked black beans was the only texture parameter affected significantly by all the input
variables applied to the black beans prior to thermal processing (Supplementary Material
Table S1). In other words, the chewiness of the cooked black beans can be modulated
by varying the intensity of electric field strength and energy input, and concentration of
calcium during PEF and thermal treatment, without compromising the other four texture
parameters. The result from the response surface model also showed the potential of
creating cooked black beans with similar predicted cohesiveness with increasing energy
input at low field strength or high field strength at low energy input in the absence of
calcium (Supplementary Material Figure S5). However, increasing the energy input further
at high field strength would negatively reduce the chewiness of cooked beans without
affecting the other four texture parameters. On the contrary, cooked black beans are likely
to share similar cohesiveness across any levels of energy input and electric field strength in
the presence of calcium during PEF (Supplementary Material Figure S6).

Considering these results, the process parameters of PEF treatments used for the
in vivo mastication study were set at an electric field strength of 1 kV/cm, commonly
used for plant matrix [6,33], to cause effective cell permeabilization and energy input of
approximately 10 kJ/kg in the presence of 300 ppm CaCl2, which enabled the creation
of black beans with the same hardness, cohesiveness, springiness, and resilience but not
chewiness after thermal processing.

3.2. Texture Profile and Calcium Content of Differently Processed Black Beans Used for the In Vivo
Mastication Study

From the process optimization study and response surface model, three types of black
bean samples were used for the in vivo mastication study (sample A: PEF-treated and then
cooked without CaCl2 addition, sample B: PEF-treated and then cooked in the presence of
CaCl2, sample C: non-PEF-treated but cooked in the presence of CaCl2).

The only texture parameter that was significantly different (p < 0.05) between the
samples was chewiness, wherein sample B was slightly chewier than sample C (Supple-
mentary Material Figure S7), thus requiring more energy to masticate the black beans.
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This can be attributed to the firming effect of calcium with improved infusion by PEF [5].
Aligning with the calcium content result of the cooked black beans (Figure 2), the addition
of CaCl2 during PEF and thermal processing (sample B) significantly increased the calcium
content in the seed coat of black beans as compared to the sample thermally processed
with CaCl2 without PEF treatment (sample C). This indicated that PEF processing played
an important role in facilitating the uptake of calcium, which is likely to occur in the testa
rather than the cotyledon. Yi et al. [34] found that pectin in the cell wall of the seed coat of
common beans was capable of binding to exogenous calcium ions (Ca2+). The increase in
calcium concentration in sample B can also be explained by the ion channels present in the
cell membranes of plants such as legumes which can be controlled by certain stimuli. It
was known that the activation of Ca2+ channel, which contains calcium-selective pores, is
voltage-dependent, such that application of electric pulses by PEF would open calcium
channels allowing the calcium ions to pass through [35]. Another study by Zhou et al. [36]
reported that the addition of CaCl2 (about 600 ppm) enhanced the influx and accumulation
of Ca2+ in mung bean cells. Moreover, diffusion could have happened due to the concen-
tration gradient. In the present study, raw black beans were soaked in water overnight and
absorbed a volume twice its weight. The soaking solution was then replaced during PEF
treatment with 300 ppm CaCl2. It can be inferred that a net movement of substance from
the calcium-containing medium (higher concentration) into the beans (lower concentration)
took place, as facilitated by the supposed cell electroporation effect by PEF.
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Figure 2. Calcium content of the cotyledon and seed coat of black bean samples A (PEF and thermally processed without
CaCl2 addition), B (PEF and thermally processed with CaCl2 addition), and C (No PEF, thermally processed with CaCl2).
Data presented as mean ± standard deviation of three independent batches of cooked black beans (n = 3). Values with
different letters between sample type for each seed component are significantly different (p < 0.05).

Overall, results revealed that the three cooked bean samples used for the in vivo
mastication study shared similarity in most of the texture properties (except for chewiness)
when evaluated using the texture analyser instrument. While the application of PEF
treatment in the presence of calcium enhanced the uptake of calcium in the black beans,
the implications of these on the bolus formation during in vivo mastication by human
participants are detailed in the following sections.
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3.3. Characterisation of Mastication Behaviour of Participants for PEF and Calcium Pre-Treated
Cooked Black Beans
3.3.1. Texture Perception of Cooked Beans Rated by the Participants

The participant’s perception of hardness when masticating the three different cooked
black bean samples was evaluated. Most of the participants (8–12 of them out of 17 par-
ticipants) perceived all three black bean samples as “hard” on a five-point hedonic scale,
followed by “neither too soft nor too hard” (Supplementary Material Figure S8). Two
participants rated Sample C to be “soft” while another two participants rated both PEF-
treated samples (Samples A and B) to be “very hard” (Supplementary Material Figure S8).
This result suggested that instrumental measurement and consumer perception of texture
could differ, because, despite the similarity in hardness of these black beans measured
in the texture analyser (Supplementary Material Figure S7), participants may rate their
hardness differently during consumption. Clearly, a minority of participants was rather
sensitive in perceiving differences in the hardness between the cooked black bean samples
due to the different pre-treatments applied. The results also suggested that it is unlikely
that the chewing duration of the participants to masticate each sample to its preferable
size/form prior to swallowing influences how the hardness of samples being perceived.
Taking participants 10 and 12 as examples, who chewed, on average, the three types of
black bean samples for 24 and 74 s, respectively—they both rated the three samples the
same (“hard”), but their chewing duration varied greatly.

3.3.2. Chewing Duration of Cooked Beans before Ready for Swallowing

The total durations taken for every participant to fully masticate each sample (in
one mouthful of 5 g beans), before they are about to swallow, are illustrated in Figure 3.
Of all the 17 participants, the chewing duration ranged from 11.25 to 78.5 s for the three
types of samples, clearly illustrating the large variation in the chewing durations between
participants. The median chewing duration across the participants was 28.5, 29, and 24.75 s
for samples A, B, and C, respectively (as represented by the long, short and dotted lines in
Figure 3). Six participants were found to consistently take a longer chewing duration than
the median duration to masticate all the samples. They were categorised as “slow chewers”
in this study. On the contrary, nine participants were categorised as “fast chewers” in
this study, who masticated the beans faster than the median duration. Two out of the
17 participants were considered “inconsistent chewers” due to their varying chewing
pattern for each sample, specifically partly above and below the median duration. For
instance, participant 18 took a shorter duration when masticating samples A and C but a
longer chewing duration when masticating sample B. This was opposite for participant 1,
who chewed sample A for a longer duration but samples B and C for shorter times. These
results showed a great variability of chewing behaviour among individuals in this study.

Due to inter-individual variability, the average chewing duration was not significantly
different (p > 0.05) between the three samples (Supplementary Materials Figure S9). It is
recognised that humans masticate the same type of food differently [37] and individuals
chew food using different oral strategies to obtain a bolus ready for swallowing. However,
it cannot be ruled out that the participants misjudging the readiness of the bolus could have
also contributed to the large chewing time variation. Chewing and subsequent swallowing
is an act of volition; hence, it differs with individual’s preference and judgement [9].

While it is acknowledged that the chewing duration over the same sample varied
greatly between participants, it was interesting to observe that sample C was chewed the
fastest (averaged at 28 s) out of the three samples (averaged at 31 and 30 s for sample A
and B, respectively) (Supplementary Materials Figure S9). The chewing duration positively
correlated (r = 0.88) with the chewiness result in the texture analyser (Supplementary
Material Figure S7) wherein sample C was significantly (p < 0.05) less chewy than sample B,
which signified that the latter required more energy to masticate to be ready for swallowing,
taking more time to chew. Other studies have also found a direct relationship between
chewing behaviour and food texture [5,8,9,11]. Chewing time also positively correlated
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(r = 0.83) with calcium content in the seed coat (Figure 2). This indicates that, due to the
lower amount of calcium found in the seed coat of sample C (Figure 2), the formation of
pectin–calcium crosslinks to strengthen the cell wall was lesser than in samples A and B,
making sample C easier to be chewed.
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3.3.3. Particle Size Distribution after In Vivo Mastication of Differently Processed
Black Beans

In this study, image analysis was found to be suitable in successfully quantifying the
particle size distribution of the black beans in the oral bolus. The estimated Rosin-Rammler
model parameters (x50 and b, Equation (2)) to describe the distribution of “all” the black
bean particles, which encompassed “black” (seed coat) and “white” (cotyledon) particles
(Figure 4) for each sample, are summarized in Table 1.
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Table 1. Estimated Rosin-Rammler parameters (Equation (2)) of “all” black bean particles from sam-
ples A (PEF and thermally processed without CaCl2 addition), B (PEF and thermally processed with
CaCl2 addition), and C (No PEF, thermally processed with CaCl2) after in vivo human mastication
(average of 17 participants).

Sample
Oral Bolus †

x50 (mm2) b

A 5.0 ± 1.3 a 1.63 ± 0.19 a

B 5.2 ± 1.2 a 1.60 ± 0.18 a

C 5.4 ± 0.9 a 1.53 ± 0.14 a

† Data are presented as the average ± standard deviation of the estimated value from 17 participants (n = 17)
reporting according to the significant figures. Values with the same lowercase letters in superscript for the three
samples within each parameter (per column) are not significantly different (p > 0.05).

The median sizes of the particles (x50, indicate the 50% cumulative weight of the
total food particles) for all participants ranged from 4 to 9 mm2 for sample A, 4 to 9
mm2 for sample B, and 4 to 7 mm2 for sample C. On average, for the 17 participants, the
estimated x50 for “all” particles derived from sample A was the lowest and the highest
for masticated bolus of sample C (Table 1). Likewise, the masticated bolus of sample A
from all 17 participants exhibited the highest average value of estimated b, suggesting a
narrow spread of particle distribution, compared to masticated bolus from sample C (i.e.,
lowest average value of estimated b suggesting a broad spread of particle distribution)
(Table 1). However, no significant difference (p > 0.05) in the median particle size (x50)
and distribution spread (b) between the samples after oral mastication was observed.
The bolus particle size result was not in agreement with the texture perception by the
participants, wherein sample B was majorly considered harder than the two other samples
(Supplementary Material Figure S8). This shows that despite the differences in texture
perception, humans are likely to masticate the samples until an acceptable bolus particle
size ready to be swallowed is achieved.

In this study, one of the features utilised during the image analysis was to segregate
and measure the particle size of the different components of the masticated beans, namely
seed coat (“black”) and cotyledon (“white”), to better describe each of their breakdowns
during mastication (Supplementary Materials Figure S4). When the particle size result
was analysed based on segregating the seed coat and cotyledon of the masticated beans,
it was found that a higher median particle size and a wider distribution spread (lower b)
were observed in “black” particles than in “white” (Table 2). This can also be observed in
Figure 4 (both fast and slow chewers), wherein a higher number of cotyledon (“white”)
particles in bolus was evident. This was due to its larger area in the whole bean while the
seed coat (“black”) particles were much bigger than cotyledon after mastication. Based
on the median particle size (x50, Table 2) result and the image (Figure 4), it appeared that
the participants may have difficulty breaking down the seed coat into smaller particle
size to achieve a consistency that will flow smoothly during mastication as compared to
the cotyledon.

With respect to the particle size differences of the oral boluses from 17 participants
for three different sample types, it was found that the median particle size (x50) of “white”
particles ranged from 2 to 6 mm2 for sample A, 2 to 5 mm2 for sample B, and 3 to 5 mm2 for
sample C (Table 2). For the “black” particles, the size ranged from 5 to 11 mm2 for sample
A, 5 to 13 mm2 for sample B, and 5 to 11 mm2 for sample C (Table 2). Although significant
difference between the three samples for the x50 and b averaged from all 17 participants
was not detected in this study, it cannot be ruled out that different processing conditions
including calcium addition, PEF, and thermal processing applied to the black beans might
have impact on the breakdown of particles during in vivo mastication. This is because
sample C consistently showed the highest estimated x50 and the lowest estimated b values
compared to the in vivo masticated bolus from sample A and B based on the Rosin-
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Rammler parameters considering “all” (Table 1), “black”, and “white” (Table 2) particles,
from all 17 participants.

Table 2. Estimated Rosin-Rammler parameters (Equation (2)) of the particles of black bean cotyledon
(“white”) and seed coat (“black”) from samples A (PEF and thermally processed without CaCl2
addition), B (PEF and thermally processed with CaCl2 addition), and C (No PEF, thermally processed
with CaCl2) after in vivo human mastication (average of 17 participants).

Sample
Cotyledon (“White”) Seed Coat (“Black”)

x50 (mm2) b x50 (mm2) b

A 3.5 ± 0.9 a 1.9 ± 0.3 a 6.7 ± 1.8 a 1.7 ± 0.2 a

B 3.5 ± 0.8 a 1.9 ± 0.3 a 7.1 ± 2.0 a 1.7 ± 0.3 a

C 3.7 ± 0.6 a 1.8 ± 0.3 a 7.6 ± 1.4 a 1.58 ± 0.16 a

Data are presented as the average ± standard deviation of the estimated value from 17 participants (n = 17)
reporting according to the significant figures. Values with the same lowercase letters in superscript for the three
samples within each parameter (per column) are not significantly different (p > 0.05).

Figure 5 visualises the particle size distribution of a slow chewer (participant 12,
average of 74 s chewing duration) and a fast chewer (participant 2, average of 18 s) for each
sample. The number of particles (both cotyledon and seed coat) was observed to be mostly
higher in a slow chewer, who had chewed the samples longer, and thus disintegrated
the particles to many smaller sizes than a fast chewer. It was also interesting to observe
from Figure 5 that the histograms of particle size distribution differed for one sample to
another for both representative slow and fast chewers. For example, a higher number of
larger “black” particles (i.e., seed coat) of samples B and C was produced by slow chewer
compared to the “white particle” of similar size from the same sample. Likewise, a similar
result was exhibited by fast chewer for samples B and C. Such differences in the particle
size distribution between the samples suggests that the pre-treatment applied to the black
beans prior to thermal processing could play some role in influencing the way beans are
disintegrating when masticated by both fast and slow chewers.
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Figure 5. Representative examples of particle area distribution of separate components of black beans (black: seed coat,
white: cotyledon) from the three samples (A: PEF and thermally processed without CaCl2 addition; B: PEF and thermally
processed with CaCl2 addition; and C: No PEF, thermally processed with CaCl2) as masticated by a fast chewer (participant
2) and a slow chewer (participant 12).
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Histograms showing the distribution of the average Rosin-Rammler parameters (x50
and b) of “all” particles of the three black bean samples (A–C) after in vivo mastication
among the participants were plotted (Supplementary Materials Figure S10) to obtain a
comprehensive insight of the particle size distribution of different chewers in this study. Of
the 17 participants, 53% masticated the black beans up to a median particle size of 6 mm2 or
smaller (Supplementary Materials Figure S10). Most of them are slow chewers who chewed
the three samples for longer times (>29 s), resulting in an x50 between 4.18 and 4.41 mm2.
On the other hand, participants who chewed for <25 s (fast chewers) comminuted the beans
to a larger particle size (>5 mm2), who resulted in oral boluses with median particle sizes of
between 5.25 and 6.70 mm2. Moreover, the particle size distribution spread b was observed
to be skewed to the right (Supplementary Materials Figure S10) which was attributed
mostly to slow chewers. These results demonstrated that Rosin-Rammler parameters were
clearly influenced by the participants’ chewing duration where x50 was found to be smaller
with a higher b in slow chewers than in fast chewers. An increase in b indicates that the
distribution of the particles became narrower because the participants who masticated the
samples for longer duration created a bolus with uniform small particle sizes.

Although the effect of PEF processing and calcium chloride addition on the particle
size distribution of in vivo masticated cooked black beans was not statistically significant,
an obvious difference in the estimated Rosin-Rammler model parameters and particle size
distribution between the three samples was observed (Tables 1 and 2). Moreover, large
variability in particle size between individuals was clearly exhibited in this study (Figure 5).
This could be because every participant has their personal patterns of mastication and
different perceptions of boluses that are deemed ready for swallowing [37]. Overall, this
study revealed that median particle size (x50) and distribution spread (b) were found to be
negatively (r = −0.64) and positively (r = 0.71) correlated, respectively, with chewing time
according to Pearson’s correlation analysis. The correlation result is in agreement to the
result of Olthoff et al. [38], wherein median particle size decreased as chewing strokes or
duration increased.

3.3.4. The Activity of α-Amylase in Oral Boluses

Apart from the food properties and chewing behaviour, bolus formation could be
influenced by the amount of saliva, which contains α-amylase, an enzyme that hydrolyses
starch, secreted and incorporated in the food [8]. For this reason, the activity of α-amylase
in the oral bolus after mastication and expectorated by each participant was measured
using the Ceralpha method of Megazyme (Section 2.6). Previous studies [39,40] have
looked at the effect of food properties on saliva production wherein dry and hard foods
increased the secretion of saliva to lubricate them. Values obtained in this study cannot be
directly compared to other studies due to differences in assay and units used, but it would
be expected that the values reported here are lower, as the spitting water was included in
the bolus which could have underestimated the α-amylase activity in the saliva.

It is not unexpected that a very wide inter-individual variation in α-amylase activity of
the saliva was exhibited by the participants. For this reason, on average for 17 participants,
salivary α-amylase activity in samples A, B, and C did not differ among each other (p > 0.05).
In a way, the result suggests that cooked black beans pre-treated with PEF in the presence
or absence of calcium did not affect the saliva production during human mastication. As
shown in the histogram (Figure 6), the distribution of participants’ salivary α-amylase
activities is skewed on the left which indicates that most of the participants have lower
salivary α-amylase values. Of the 17 participants, 41% had an average α-amylase activity
of ≤0.1 CU/mL. This is mostly comprised of fast chewers with α-amylase activity ranged
from 0.02 to 0.01 CU/mL. Clearly, α-amylase activity in the expectorated bolus was higher
in slow chewers than in fast chewers.
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Figure 6. A histogram of the activity of α-amylase averaged from the oral bolus of the three samples
(A: PEF and thermally processed without CaCl2 addition; B: PEF and thermally processed with CaCl2
addition; and C: No PEF, thermally processed with CaCl2) masticated by 17 participants.

A positive correlation (r = 0.88) between chewing duration and α-amylase activity
was found wherein prolonged chewing increased the amount of saliva and the activity of
the enzyme. This is supported by the finding of a previous study wherein the longer the
food is masticated in the mouth, the more saliva is incorporated in the bolus [9]. However,
it cannot be ruled out that saliva production can vary between individuals in terms of flow
rate and composition since saliva can be released in different salivary glands in the oral
cavity wherein amylase-rich saliva (25% of whole saliva) is released from the parotid [8].
Overall, the results from the present study suggested that α-amylase activity increased with
longer chewing duration possibly due to the increased requirement for saliva production.

3.3.5. Microstructural Changes of Black Bean Oral Bolus

Figure 7 shows the microstructural images, viewed under a light microscope, of
the oral boluses of the three samples masticated by the participants within the average
shortest (12 s) and longest (74 s) chewing duration. There is no remarkable difference
in microstructure between samples A, B, and C as a result of varying the processing
conditions. However, a more prominent change can be seen between the two chewing
groups of participants. More intact cotyledon cells encapsulating the starch granules
(Figure 7a–c) can be observed in the oral bolus of the fastest chewer. On the other hand,
cotyledon cells that appeared to be ruptured were found in the oral bolus of the participant
with the longest chewing duration with lesser amount of starch granules enclosed by the
cell wall (Figure 7e,f). The presence of free starch granules was observed for both chewers
(Figure 7). However, it was interesting to observe a few disrupted starch granules in the
oral bolus of the slowest chewer (Supplementary Materials Figure S11). This could be a
result of more shear bite forces applied to the beans with a longer duration of chewing.

The participants in this study have masticated the beans until they were ready for
swallowing, hence the collected bolus will ideally be brought to the stomach for diges-
tion. Therefore, the difference in the microstructures of the oral boluses as a result of
extreme mastication duration might have an implication on the availability of starch to
digestive enzymes.
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3.4. Characterisation of the Extent of In Vitro Starch Digestibility of In Vivo Masticated Black
Beans by Different Participants
3.4.1. The Extent of Starch Digestibility during the In Vitro Gastric Phase

Figure 8 presents the amount of D-glucose digested at the start of gastric phase (0 min,
end of oral mastication) and at the completion of gastric digestion at 120 min of selected
participants with different mastication behaviour, specifically fast and slow chewers.

On average, for the three samples, the amount of D-glucose released from the bolus
masticated by slow chewers at the start of the gastric phase was significantly (p < 0.05)
higher than fast chewers (Figure 8). The amount of D-glucose released at 0 min gastric
phase signified the starch that have been hydrolysed in the mouth by salivary α-amylase.
The increase was also consistent at the end of the gastric phase (120 min) wherein all
samples masticated by slow chewers were significantly higher in digested starch. Small
sized particles found in the slow chewers (Figure 4) may have provided a greater surface
area for salivary fluid to lubricate and increases the susceptibility of starch granules of
black beans for enzyme hydrolysis. Moreover, a higher salivary α-amylase activity found
mostly in slow chewers (Figure 6) could have facilitated a greater starch hydrolysis in the
small sized particles and increased the amount of available glucose even before gastric
digestion has started. It is argued that the role of salivary α-amylase is considered minimal
in starch hydrolysis, as compared to pancreatic α-amylase, because of its short contact time
with the food in the mouth and it is readily inactivated in the gastric phase [41]. Even
though salivary amylase is typically inactivated at low pH (3.3–3.8) during gastric digestion,
studies have found its significant contribution in gastric digestion up to 120 min and may
even remain in the small intestine [42]. Moreover, it is possible that salivary amylase can
be protected from inactivation by its substrate and hydrolysis product. Earlier study of
Rosenblum et al. [43] revealed that starch (0.1%), partially hydrolysed starch (5%), maltose
(5%), and maltotriose (5%) provided a protection to salivary amylase from inactivation,
as evidenced by the retained activity up to 90% after 120 min of gastric digestion at pH 3,
which was attributed to their interaction at the active site of the enzyme.
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Figure 8. In vitro gastric starch digestion of in vivo masticated black bean samples (A: PEF and
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as mean ± standard deviation (n = 8 measurements). Values with different letters within each
participant are significantly different (p < 0.05) with increasing digestion time.

Based on the results of individual participants, sample C appeared to be the most
digestible during gastric phase compared to samples A and B due to a higher amount
of D-glucose detected in the digest. However, the trend was not consistent for all the
17 participants so a direct conclusion cannot be made. When the statistical analysis of all
the participants (n = 17) were considered, there was no significant difference (p > 0.05) in
the amount of glucose detected in the digest between the different black bean samples
A, B, and C. In other words, black beans processed using PEF, with or without calcium
addition, then thermally processed, had the same starch digestibility at gastric phase as
samples thermally processed alone without PEF pre-treatment. Therefore, PEF processing,
which was previously determined to affect texture (Supplementary Material Figure S7)
and enhance the uptake of calcium of cooked black beans (Figure 2), did not cause a
considerable change in their starch digestibility at gastric phase. This indicates that PEF
can potentially be used to modify the texture of legumes without posing implication on its
starch hydrolysis.

3.4.2. The Proportion of Different Starch Fractions (RDS, SDS and RS) Digested during the
In Vitro Small Intestinal Phase

The different categories of starch in the oral boluses of three cooked black bean samples
as digested in the small intestine were determined in this study. Although significant
differences (p < 0.05) in RDS, SDS, and RS can be observed between samples (A–C) for
each individual participant (Table 3 presents a few representative examples), no significant
differences (p > 0.05) was found between samples (A–C) for all the starch fractions when the
statistical analysis of all the participants (n = 17) was considered. This supports the result
in Section 3.4.1 wherein PEF processing, even with calcium addition, does not necessarily
impact the nutritional implication of legumes, specifically starch.

The mastication behaviour of the participants remained a key factor driving the
proportion of starch fractions digested along the small intestinal phase. In particular,
chewing duration was found to be positively correlated with RDS and SDS (r = 0.54 and
0.66, respectively). From Table 3, slow chewers were characterized with a significantly
(p < 0.05) higher RDS and SDS (up to 52 and 47%, respectively) than fast chewers. On the
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other hand, chewing time was negatively correlated with RS (r = −0.61). Results showed
that fast chewers who masticated the beans for shorter times, resulting in larger particle
sizes, were characterized with a significantly (p < 0.05) higher RS (up to 67%) than slow
chewers (Table 3).

Table 3. Starch fractions of in vivo masticated boluses of the black bean samples (A: PEF and thermally processed without
CaCl2 addition; B: PEF and thermally processed with CaCl2 addition; and C: No PEF, thermally processed with CaCl2) from
selected slow and fast chewers after in vitro small intestinal digestion.

Participants RDS (%) SDS (%) RS (%)

Sample A Sample B Sample C Sample A Sample B Sample C Sample A Sample B Sample C

Fast chewers (chewed < 25 s)

P2 32.8 ± 0.7 d
C 42.91 ± 1.70 d

A 38.6 ± 0.9 d
B 19.5 ± 2.4 c

A 17.6 ± 1.8 b
A 18.6 ± 7.0 cd

A 47.8 ± 1.9 b
A 39.52 ± 1.80 c

B 42.9 ± 6.8 c
AB

P14 37.7 ± 1.9 c
A 37.0 ± 2.0 e

A 27.7 ± 1.1 f
B 21.8 ± 0.9 c

A 19.3 ± 0.9 b
B 10.9 ± 1.7 e

C 40.5 ± 1.4 c
C 43.71 ± 2.50 b

B 61.32 ± 1.10 a
A

P16 20.81 ± 0.70 e
C 29.6 ± 0.6 f

B 34.0 ± 1.3 e
A 13.6 ± 1.3 d

B 18.6 ± 1.8 b
A 13.2 ± 1.7 de

B 65.6 ± 1.1 a
A 51.8 ± 1.7 a

B 52.8 ± 1.2 b
B

Slow chewers (chewed > 29 s)

P12 39.0 ± 1.5 c
C 47.8 ± 1.3 c

B 57.4 ± 2.3 b
A 26.2 ± 3.5 b

A 24.5 ± 0.9 a
A 19.6 ± 1.9 bc

B 33.4 ± 3.3 d
A 27.7 ± 0.9 d

B 23.0 ± 2.5 d
C

P19 56.4 ± 1.0 a
B 69.1 ± 1.1 a

A 51.6 ± 0.9 c
C 26.4 ± 1.4 b

A 19.1 ± 2.2 b
B 24.3 ± 2.3 ab

A 17.2 ± 1.0 f
B 13.6 ± 1.8 f

C 24.2 ± 1.7 d
A

P21 46.2 ± 1.4 b
C 54.9 ± 2.2 b

B 61.8 ± 1.5 a
A 29.9 ± 3.1 a

A 27.4 ± 3.2 a
A 28.3 ± 3.9 a

A 24.0 ± 1.9 e
A 17.7 ± 2.1 e

B 11.7 ± 1.5 e
C

Data presented as mean ± standard deviation (n = 8 measurements) reporting according to the significant figures. Values with different
lowercase letters in superscript are significantly different (p < 0.05) between participants for each starch fraction (RDS: readily digestible
starch, SDS: slowly digestible starch, and RS: resistant starch). Values with different uppercase letters in subscript are significantly different
(p < 0.05) between black bean samples (A, B, and C) for each participant within the same starch fraction.

These results imply that higher amounts of RDS and SDS, which are absorbed in
the bloodstream, can cause an increase in blood glucose response and trigger metabolic
disorder in diabetic patients [44]. On the other hand, RS which escapes the small intestine
unhydrolyzed and is fermented in the large intestine by colonic microflora [45] can be
beneficial in preventing type II diabetes, due to low levels of blood glucose and insulin
requirement in the body [46]. Hence, it can be inferred that chewing duration and particle
size can influence a foods’ nutritional functionality.

3.4.3. The Kinetics of Starch Digestibility during the In Vitro Small Intestinal Phase

After the gastric phase, partially hydrolysed starch enters the small intestine. Most
of the starch is then hydrolysed in the small intestine due to the presence of pancreatic
amylase. The digested starch kinetics (amount of D-glucose in digest plotted against
small intestinal digestion time) of selected participants are shown in Figure 9. The curves
exhibited an increase in D-glucose released with small intestinal digestion time followed
by a plateau for all the participants, regardless of the sample type. This clearly showed that
the kinetics of starch digestibility during the in vitro small intestinal phase for PEF-treated
and untreated cooked black beans in the presence or absence of calcium can be described
using a fractional conversion model (Equation (6)).

Three starch digestion kinetic parameters (S0, Sf, and ks) were estimated using a
fractional conversion model (Equation (6)) and the values are shown in Table 4 for selected
participants categorised based on their chewing duration for each sample type. The
estimated kinetic parameters describing the in vitro starch digestion were markedly varied
for participants with different mastication duration. In agreement to the starch digestion
kinetic curves visualized in Figure 9, slow chewers who masticated the beans for more than
29 s showed higher (up to 3-fold) estimated amounts of D-glucose released at the start (S0:
103–168 mg) and the end (Sf: 216–343 mg) of small intestinal digestion, regardless of the
sample type, than fast chewers (S0: 51–113 mg, Sf: 134–240 mg) (Table 4). The result was
expected as smaller starch granules with larger surface area from slow chewers are likely
to be digested faster by amylases than larger particles with a smaller surface area from
fast chewers [10]. This can be further supported by the microscopy images in Figure 7 and
Supplementary Material Figure S11, wherein oral bolus of a slow chewer, predominantly,
have ruptured cells and free starch granules. Free starch granules are more susceptible
to amylase for digestion due to the absence of a physical barrier (cell wall) as similarly
observed by Rovalino-Córdova et al. [47] in kidney beans.
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Figure 9. Kinetics of in vitro starch digestion (small intestinal phase) of in vivo masticated oral boluses of three cooked
black bean samples (A: PEF and thermally processed without CaCl2 addition; B: PEF and thermally processed with CaCl2
addition; and C: No PEF, thermally processed with CaCl2) from selected fast (a,b) and slow (c,d) chewers. Experimental
data are represented by circle markers and the predicted values using fractional conversion model (Equation (6)) are shown
in lines.

It is worthy to note that the in vitro small intestinal starch kinetic curves for some
participants differ for different sample type (e.g., P12 and P14, Figure 9), but there was
no consistent trend showing the starch in a particular sample being digested faster or
slower than other sample (Table 4). The estimated starch digestion rate constant (ks) did
not vary much between the fast (1.4–3.0 × 10−2 min−1) and slow (1.0–2.5 × 10−2 min−1)
chewers for the three sample types. In addition, statistical analysis taking into account
all 17 participants revealed no significant difference (p > 0.05) between the ks of samples
A–C in terms of in vitro small intestinal starch digestion. Similar with the result in the
in vitro gastric phase, calcium addition combined with PEF treatment did not seem to
influence starch digestion of cooked black beans at small intestinal phase. This agrees
with the findings of Abduh, Leong, Agyei and Oey [23] using the same level of PEF (up
to 1.1 kV/cm electric field strength) wherein in vitro gastrointestinal starch digestion of
potato was not affected considerably. However, using higher intensities of PEF treatment
might have a different effect. For instance, Li et al. [48] found a significant increase in
in vitro digestibility of wheat, potato, and pea starches when PEF electric field strength
was applied up to 8.57 kV/cm.
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Table 4. Kinetic parameters of in vitro small intestinal starch digestion of in vivo masticated oral boluses of the black bean
samples (A: PEF and thermally processed without CaCl2 addition; B: PEF and thermally processed with CaCl2 addition; and
C: No PEF, thermally processed with CaCl2) from selected fast and slow chewers as estimated using fractional conversion
model (Equation (6)).

Participants S0 (mg) Sf (mg) ks (×10−2 min−1)

Sample A Sample B Sample C Sample A Sample B Sample C Sample A Sample B Sample C

Fast chewers (chewed < 25 s)

P2 78.4 ± 5.6 108.5 ± 3.3 110.6 ± 7.2 196.4 ± 4.4 214.6 ± 2.7 186.9 ± 6.7 2.7 ± 0.4 3.0 ± 0.2 1.9 ± 0.6
P14 90.5 ± 5.2 105.9 ± 6.6 64.4 ± 4.9 240.0 ± 4.7 216.0 ± 6.1 154.6 ± 6.1 2.3 ± 0.2 1.8 ± 0.3 1.4 ± 0.3
P16 50.6 ± 4.4 112.5 ± 4.2 103.4 ± 5.0 133.8 ± 4.5 209.5 ± 4.8 200.9 ± 4.6 1.6 ± 0.3 1.4 ± 0.2 1.8 ± 0.3

Average 73.18 ± 5.06 a 109.0 ± 4.7 a 92.8 ± 5.7 a 190.1 ± 4.6 a 213.4 ± 4.5 a 180.8 ± 5.8 a 2.2 ± 0.3 a 2.1 ± 0.3 a 1.7 ± 0.4 a

Slow chewers (chewed > 29 s)

P12 107.3 ± 5.4 156.2 ± 6.1 168.0 ± 4.7 216.0 ± 6.2 289.2 ± 12.3 303.8 ± 4.5 1.5 ± 0.2 1.0 ± 0.2 1.8 ± 0.2
P19 152.3 ± 7.8 145.1 ± 11.9 128.6 ± 11.8 324.8 ± 5.7 306.40 ± 9.80 306.5 ± 9.3 2.3 ± 0.3 2.1 ± 0.4 2.1 ± 0.4
P21 102.6 ± 11.6 121.6 ± 5.2 152.9 ± 7.1 340.7 ± 9.9 343.0 ± 3.9 338.8 ± 7.7 1.9 ± 0.3 2.5 ± 0.1 1.6 ± 0.2

Average 120.7 ± 8.3 a 141.0 ± 7.7 a 149.8 ± 6.3 a 293.8 ± 7.3 a 312.9 ± 6.5 a 316.4 ± 7.2 a 1.9 ± 0.3 a 1.9 ± 0.3 a 1.8 ± 0.3 a

Data presented as estimated value ± standard error of the model (Equation (6)) reporting according to the significant figures. Average
values with different lowercase letters in superscript are significantly different (p < 0.05) between samples (A–C) for each group of chewers
within the same kinetic parameter. S0: D-glucose released at the start of small intestinal digestion, Sf: D-glucose released at the end of small
intestinal digestion, and ks: estimated starch digestion rate constant. P2, P14, P16, P12, P19, and P21 corresponds to participants’ numbers.

3.5. Characterisation of the Extent of In Vitro Protein Digestibility of In Vivo Masticated Black
Beans by Different Participants
3.5.1. The Extent of Protein Digestibility during the In Vitro Gastric Phase

Figure 10 shows the amounts of peptides or α-amino groups (calculated as L-serine
equivalents) released during protein digestion in the gastric phase of oral boluses masti-
cated by selected participants that are fast and slow chewers. Clearly, a greater increase
in the protein hydrolysis was observed in slow chewers than in fast chewers along the
gastric phase. At 0 min, which corresponded to the amount of available amino acids before
the action of digestive enzymes in the stomach, L-serine equivalents released was up to
45% higher (on average for three samples) in slow chewers in comparison to fast chewers.
This was consistent up to the end of the gastric phase (120 min), wherein slow chewers
hydrolysed up to 51% more proteins than fast chewers. It should be considered that the
black bean samples had been thermally processed (80 ◦C for 1 h) prior to in vivo mastica-
tion, which could have possibly denatured the protein and reduced antinutrients such as
trypsin inhibitors owing to the free amino acids at the start of the gastric phase. Protein
is further denatured in the stomach due to the acidic environment and then hydrolysed
by pepsin into large polypeptides and a small number of amino acids [49]. As shown
earlier in Figures 4 and 7, the longer chewing time applied to the beans by slow chewers
resulted in smaller particle sizes and possible ruptured cells and starch granules. This
could have increased the accessibility of protein, which is bioencapsulated in the same cell
compartment as starch, to proteases. A similar result in soybeans was observed wherein the
degree of protein hydrolysis was increased as particle size was decreased [50]. The same
study also reported a 41% increase in protein digestion when there was no physical barrier
to digestive enzymes contributed by the cell wall. Nevertheless, protein digestion can still
proceed in intact cells but at a slower rate. Protein digestibility was also increased in milled
cowpea due to the smaller size, hence bigger surface area, for proteolytic attack [51].

Although significant differences between samples (A–C) were observed for each
individual masticating the beans at each digestion time point, it was not consistent across
all the participants (Figure 10). When statistical analysis considering 17 participants was
conducted, the differences in protein digestibility in the gastric phase of the three samples
(A–C) masticated by the participants were not significant (p > 0.05). Therefore, the cooked
black beans pre-treated with PEF in presence or absence of calcium addition, resulted
in the same degree of in vitro protein hydrolysis in the gastric phase as those processed
conventionally by thermal processing. There is no known information to date on the effect
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of PEF on the protein digestibility of plant tissues—especially legumes—thus results cannot
be validated with other studies.
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Figure 10. In vitro gastric protein digestion of in vivo masticated black bean samples (A: PEF and thermally processed
without CaCl2 addition; B: PEF and thermally processed with CaCl2 addition; and C: No PEF, thermally processed with
CaCl2) from selected fast and slow chewers. Data presented as mean ± standard deviation (n = 8 measurements). Values
with different letters within each participant are significantly different (p < 0.05) with increasing digestion time.

3.5.2. The Kinetic Behaviour of Protein Digestibility during the In Vitro Small
Intestinal Phase

Figure 11 illustrates the time-course protein hydrolysis at small intestinal phase of
in vivo masticated bolus from selected fast and slow chewers fitted well with the zero-order
kinetic model (Equation (7)). The amount of hydrolysed protein at the end of in vitro small
intestinal phase (240 min) was up to four-fold higher than the amount digested at the end of
the gastric phase (0 min), indicating that protein is mostly hydrolysed in the small intestine,
by pancreatic protease and trypsin, into free amino acids and small peptide chains of two to
six amino acid residues [49]. Moreover, Figure 11 shows that slow chewers have higher free
amino acids or L-serine equivalents (> 100 mg) released at the start of the small intestinal
phase (0 min), and even higher than at the end of the small intestinal phase (240 min) in
fast chewers.

The estimated kinetic rate (kp) of protein digestion for selected participants categorised
based on their chewing duration for each sample type is presented in Table 5. The rate of
protein digestion was also generally higher in slow chewers (kp = 6.7–16.1 × 10−2 min−1)
than in fast chewers (4.1–10.4 × 10−2 min−1). The results in this study are consistent
with the starch hydrolysis result wherein nutrients in small-sized particles, as observed in
the oral bolus of slow chewers due to longer chewing time (Figure 4), were more prone
to enzymatic attack—this was similarly observed by Paz-Yépez et al. [52] in the protein
digestibility of walnuts and peanuts. Overall, result from the current study revealed that
protein digestion at small intestinal phase can be influenced by the participants’ chewing
duration (r = 0.92) and particle size (x50) (r = −0.74).
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Table 5. Estimated rate of in vitro small intestinal protein digestion kp (×10−2 min−1) of in vivo
masticated oral boluses of the black bean samples (A: PEF and thermally processed without CaCl2
addition; B: PEF and thermally processed with CaCl2 addition; and C: No PEF, thermally processed
with CaCl2) from selected fast and slow chewers.

Participants Sample A Sample B Sample C

Fast chewers (chewed < 25 s)

P2 6.2 ± 1.5 10.4 ± 1.5 4.1 ± 0.9
P4 5.5 ± 1.6 9.2 ± 1.0 4.3 ± 1.9

P16 4.7 ± 1.5 8.4 ± 1.3 5.4 ± 1.8

Average 5.5 ± 1.5 b 9.3 ± 1.3 a 4.6 ± 1.5 b

Slow chewers (chewed > 29 s)

P12 10.2 ± 1.5 16.1 ± 1.2 11.5 ± 2.7
P19 6.7 ± 4.0 10.5 ± 1.7 9.6 ± 3.3
P21 7.7 ± 2.5 7.5 ± 2.6 9.0 ± 2.1

Average 8.2 ± 2.7 a 11.3 ± 1.8 a 10.0 ± 2.7 a

Data presented as estimated value ± standard error of the model (Equation (7)) reporting according to the
significant figures. Average values with different lowercase letters in superscript are significantly different
(p < 0.05) between samples (A–C) for each group of chewers. P2, P4, P16, P12, P19, and P21 corresponds to
participants’ numbers.
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Unlike the result of starch digestibility, statistical analysis revealed that protein in
sample B (i.e., PEF treated with calcium then thermally processed) was digested signifi-
cantly (p = 0.001) faster (up to 2-fold) than samples A (i.e., PEF treated without calcium
then thermally processed) and C (i.e., thermally processed only in presence of calcium) in
fast chewers (Table 5). In other words, PEF alone did not significantly affect the protein
digestibility of black beans unless calcium was added. The cell electroporation induced
by PEF of black beans potentially played a role in enhancing the digestion of protein even
when calcium was added. Previous studies [30,53] found an increase in protein digestibility
when egg whites and cooked beef were PEF treated (electric field strength of 0.60 kV/cm
and 1.8, respectively) which was attributed to the electroporation effect and structural
alteration of protein by PEF, enhancing the susceptibility of protein to digestive enzymes
in the small intestine. However, calcium could also potentially contribute to the increased
digestibility of protein. A recent study has found that addition of calcium (~600 ppm)
enhanced the activity of phytase and acid phosphatase, which are enzymes that catalyse
the hydrolysis or degradation of phytic acid [36]. Reportedly, phytic acid can lower protein
digestibility by forming phytate-protein complexes with the positively charged basic amino
acid of proteins [54], altering its structure and further affecting its solubility, digestibility
and accessibility of protein to digestive enzymes [55,56]. However, the role of calcium in
improving protein digestibility and its interaction with protein still needs further study.
The results of this study are physiologically relevant because the use of PEF, a novel emerg-
ing processing, can improve protein digestion even when consumers only chew for shorter
duration. This can be achieved without necessarily increasing starch digestibility which
could have negative implication especially for diabetic people.

4. Conclusions

The current study has adopted several novel experimental and analysis approaches to
understand the implication of using emerging PEF technology to process legumes on their
starch and protein digestibility. The use of image analysis technique to quantify particle
sizes of black beans composed of separate components (outer seed coat and inner cotyledon)
has provided novel information on the breakdown of each component of untreated and
PEF-treated black beans during in vivo mastication prior to swallowing. It is worthy to note
that the use of emerging PEF technology on black beans was shown effective in facilitating
the uptake of exogenous calcium (especially to the outer seed coat), help preventing the
texture from softening during the subsequent thermal processing and able to modulate
the chewiness of black beans without changing other texture parameters (i.e., hardness,
cohesiveness, springiness, and resilience). Despite this, the result showed that cooked black
beans with PEF pre-treatment in calcium posed no influence on the in vivo mastication
behaviour among the participants that could negatively impact on the in vitro starch and
protein digestibility. In fact, the observed differences in in vivo mastication behaviour
between the participants, in terms of particle size, microstructure, and α-amylase activity
of the resulting black beans oral bolus, was highly correlated (r = 0.64–0.88) with the
chewing duration to masticate a mouthful of the cooked beans before it was deemed ready
for swallowing. Two different groups of participants were successfully defined in this
study on the basis of their chewing duration: slow (>29 s) and fast (<25 s) chewers. While
the amount of protein and starch in masticated cooked black beans being digested during
in vitro gastrointestinal phase was always higher in slow chewers compared to fast chewers,
the combined PEF processing with CaCl2 addition has significantly (p < 0.05) increased
the rate of in vitro small intestinal protein digestion of cooked black beans especially for
fast chewers by two-fold. For the first time in the literature, this finding indicates an
opportunity of using PEF technology on legumes to improve the digestion of protein for a
certain consumer group, such as fast chewers without triggering an increase in the starch
digestibility. Clearly, PEF treatment application on black beans is shown promising to
hasten the release and hydrolysis of protein in the gastrointestinal tract, but it is of future
interest to investigate whether the hydrolysed proteins become more bioaccessible and
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then available for absorption in the blood stream to carry the relevant metabolic function in
the body. Forthcoming studies should also address whether PEF treatment can be applied
on other legume (types and physical structures, e.g., without outer seed coat) to facilitate
release of nutritious high-quality plant proteins.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112540/s1, Figure S1: Black beans outer seed coat (blue arrow) and inner cotyledon
(orange arrow) separated for calcium content analysis, Figure S2: Sensory booth set up for each
participant during the in vivo mastication study, Figure S3: Preparation of separate trays for the three
samples presented to the participants containing the sample containers (5 g sample per container, blue
arrow), mouth rinsing water containers (30 mL per container, black arrow), and spitting containers
(green arrow), Figure S4: Sample image processing of black beans oral bolus. Left: black beans
dispersed in the plate and positioned for picture taking with the sample label and reference scale.
Right: after image processing showing the segmentation of the “white” (marked green) and “black”
(marked yellow) particles, Figure S5: Traces of prediction profile (from JMP Pro v.14) showing the
predicted texture parameters of cooked black beans as either PEF electric field strength or energy
input is changed, while the calcium concentration is held constant at 0 ppm, Figure S6: Traces of
prediction profile (from JMP Pro v.14) showing the predicted texture parameters of cooked black
beans as either PEF electric field strength or energy input is changed while the calcium concentration
is held constant at 300 ppm, Figure S7: Texture parameters of the selected three black bean samples
(A: PEF and thermally processed without CaCl2 addition, B: PEF and thermally processed with
CaCl2 addition, and C: No PEF, thermally processed with CaCl2) used for in vivo oral mastication
study. Data presented as mean ± standard deviation of forty-eight independent measurements (n
= 48). Values with different lowercase letters between sample type for each texture parameter are
significantly different (p < 0.05), Figure S8: Participants (n = 17) perception of the hardness of three
black bean samples (A: PEF and thermally processed without CaCl2 addition; B: PEF and thermally
processed with CaCl2 addition; and C: No PEF, thermally processed with CaCl2) rated on a five-point
hedonic scale, Figure S9: Boxplot of the chewing duration of the three samples (A: PEF and thermally
processed without CaCl2 addition; B: PEF and thermally processed with CaCl2 addition; and C:
No PEF, thermally processed with CaCl2) by 17 participants. Upper and lower lines of the box are
the upper and lower quartiles, the lines inside the box represent the median values, and the lines
extending outside of the box are the minimum and maximum values. No significant difference (p >
0.05) was observed between samples, Figure S10: Histograms showing the distribution of the average
Rosin-Rammler parameters (x50 and b) of “all” particles of the three black bean samples (A: PEF and
thermally processed without CaCl2 addition; B: PEF and thermally processed with CaCl2 addition;
and C: No PEF, thermally processed with CaCl2) after in vivo mastication (n = 17), Figure S11: Light
microscopic image showing broken free starch granules from the oral bolus of a slow chewer. Images
were viewed under 50× magnification. Scale bar = 100 µm, Table S1: p-value for the estimates of the
model parameters examining the response surface effect of input variables (PEF electric field strength,
PEF energy input, and calcium concentration during PEF and thermal processing) against texture
parameters of cooked black beans (hardness, cohesiveness, springiness, chewiness, and resilience).
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Abstract: To benefit the health of consumers, bioactive compounds must reach an adequate con-
centration at the end of the digestive process. This involves both an effective release from the food
matrix where they are contained and a high resistance to exposure to gastrointestinal conditions.
Accordingly, this study evaluates the impact of trehalose addition (10% w/w) and homogenization
(100 MPa), together with the structural changes induced in vacuum impregnated apple slices (VI)
by air-drying (AD) and freeze-drying (FD), on Lactobacillus salivarius spp. salivarius (CECT 4063)
survival and the bioaccessibility of antioxidants during in vitro digestion. Vacuum impregnated
apple slices conferred maximum protection to the lactobacillus strain during its passage through the
gastrointestinal tract, whereas drying with air reduced the final content of the living cells to values
below 10 cfu/g. The bioaccessibility of antioxidants also reached the highest values in the VI samples,
in which the release of both the total phenols and total flavonoids to the liquid phase increased with
in vitro digestion. The addition of trehalose and homogenization at 100 MPa increased the total
bioaccessibility of antioxidants in FD and AD apples and the total bioaccessibility of flavonoids in
the VI samples. Homogenizing at 100 MPa also increased the survival of L. salivarius during in vitro
digestion in FD samples.

Keywords: apple structure; Lactobacillus salivarius spp. salivarius (CECT 4063); trehalose; high
pressure homogenization; in vitro digestion; antioxidants bioaccessibility; air-drying; freeze-drying

1. Introduction

Health and wellness are trends that have conditioned the development of the food
and beverage industry in the last decades [1]. Concern about boosting the immune system
as a way to prevent non-communicable diseases and provide protection from pathogenic
viral infections has grown considerably since the COVID-19 pandemic hit the world. As a
result of the growing inclination of consumers towards preventive healthcare, the global
functional food and beverage market size was valued at USD 258.80 billion in 2020 and is
projected to double by 2028 [2]. In relation to ingredients, probiotics held the major share,
which is mainly attributed to an increasing awareness regarding their prophylactic and
therapeutic potential [3].

The functionality of probiotics is mainly based on bacterial interaction with host gut
microbiota through a number of actions including increasing the production of vitamins,
antioxidants, and short-chain fatty acids, modifying the intestinal microbiota, reducing
the intestinal pH, or improving the intestinal barrier selectivity through higher mucin,
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immunoglobulin A, and defensins production [4]. Probiotics not only protect humans
against gastrointestinal pathogens [5], but they may also alleviate gastrointestinal dys-
biosis, lower serum cholesterol, ameliorate cancer and lactose intolerance, and prevent
allergic and autoimmune disorders [6]. Due to their power to remedy both systematic
metabolic diseases and genetic neurodegenerative disorders, probiotics are considered
as the twenty-first century panpharmacon [3]. However, in order to achieve these health
benefits, probiotics must be consumed regularly and reach the intestine as a viable strain in
appropriate quantities (108–109 cfu/day) [7]. Therefore, probiotics used in food formula-
tions must not only survive to the processing and storage stages, but they must also survive
the harsh conditions of the gastrointestinal tract, such as the low pH of the stomach, and
the digestive enzymes and bile salts of the small intestine [8]. Therefore, various methods
have been proposed to enhance the viability of probiotic bacteria, such as strain and food
carrier selection, the addition of prebiotics, cell immobilization, and microencapsulation or
the induction of cellular stress-tolerance pathways [9].

With regard to the food matrix, research has mainly focused on the role played by its
composition, which is often modified by adding ingredients that act as probiotic growth
promoters (e.g., sugars, vitamins, minerals, prebiotics) or protectants (e.g., skim milk
powder, whey protein, glycerol, lactose, fat, trehalose) [10]. Although dairy foods are the
foods with the greatest potential as probiotic carriers, apples have also been demonstrated
to be a suitable alternative [11,12] since they contain polyphenols (dihydrochalcones,
flavanols, hydroxycinnamates, and flavanol), vitamins, minerals, lipids, peptides, and
carbohydrates [13], in addition to fibers (cellulose, hemicellulose, and pectin) [14], that act
as prebiotics. Phenolic compounds in apples are also responsible for the health-protecting
effects related to apple consumption [15] due to their antioxidant properties and their
capacity to neutralize free radicals and to protect cells against oxidative stress [16,17].
Furthermore, as it was recently reported by the authors of [18] for raw and fried tomato
puree inoculated with L. reuteri, antioxidants may enhance the viability of probiotics during
digestion. This makes some unit operations, such as high-pressure homogenization (HPH),
particularly relevant to enhance probiotic survival under adverse conditions either in
response to induced stress [19,20] or to the higher release of certain bioactives [21].

Denser, more viscous, or complex matrices have been reported to better protect probi-
otics during digestion, although they also limit their release [10]. However, studies which
focus particularly on food structures are scarce and are based on cheese networks, in which
it is easier to modify the structure without significantly varying the composition. Changes
in the food structure are in most cases promoted by different processing techniques (e.g.,
boiling, roasting, frying, freezing, air-drying, freeze-drying). In particular, freeze-drying
results in high-value products with advanced rehydration properties, a high porosity, and
limited shrinkage which, due to the low processing temperatures, preserves their nutrients,
color, aroma, and flavors [22]. On the contrary, convective dried products tend to have
a low porosity, a high apparent density, poor rehydration properties and, due to high
temperatures and long processing times, they lose a large amount of nutrients, flavor and
aroma compounds.

For all the aforementioned reasons, this study aims to evaluate the effect that the
stabilization of vacuum impregnated apple slices by convective drying and freeze-drying
has on Lactobacillus salivarius spp. salivarius (CECT 4063) survival and on the bioaccessibility
of antioxidants (total phenols, total flavonoids, and total ABTS and DPPH scavenging
compounds) during an in vitro simulation of gastrointestinal digestion. Simultaneously,
information about the impact of trehalose additions to the snack formulation and of the
homogenization at 100 MPa of the liquid containing the probiotic are also gathered.

2. Materials and Methods
2.1. Microbial Strain and Raw Materials

The selection of both the microbial strain and the raw materials was based on our
previous research of probiotic apple snacks with the potential ability to treat and prevent
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Helicobacter pylori infection [23–26]. Therefore, the Lactobacillus salivarius spp. salivarius
CECT 4063 strain was used as a bacterial culture. The lyophilized strain was supplied
by the Spanish Type Culture Collection of Paterna (Valencia, Spain). Following the man-
ufacturer’s instructions, the microbial strain was first reactivated in sterile MRS broth
(Scharlau Chemie®, Barcelona, Spain) at 37 ◦C for 24 h and then transferred to commercial
clementine juice (Hacendado brand), which was used as a probiotic carrier. Finally, apples
(var. Granny Smith) cut into 5 mm slices (20 mm internal diameter and 65 mm outer
diameter) were used to host the probiotic. The selection of this solid matrix was based on
its high homogeneity and porosity compared to other fruits [27].

2.2. Sample Preparation

Different food matrices used in this study were manufactured according to the proce-
dure described in Burca-Busaga et al. [26]. On the one hand, vacuum impregnated samples
(VI apples) were obtained in a VT 6130M Heraeus Vacutherm Oven (Thermo Scientific)
connected to a LVS 210T laboratory vacuum system (Welch Ilmvac™, Fisher Scientific,
Madrid, Spain) by the immersion of the apple slices in the corresponding impregnation
liquid in a 1:5 (w/v) ratio, the application of a vacuum pressure of 50 mbar for 10 min, and
the restoration of the atmospheric pressure, which was maintained for another 10 min.
On the other hand, air-dried samples (AD apples) were obtained by drying VI apples in a
CLW 750 TOP+ tray dryer (Pol-Eko-Aparatura SP.J.) with a cross flow of air at 2 m/s and
40 ◦C up to a water activity value of 0.35. Finally, freeze-dried samples (FD apples) were
obtained by keeping VI apples at −40 ◦C for 24 h in a Matek CVN-40/105 ultra-freezer
and the further sublimation of the frozen water at −45 ◦C and 0.1 mbar for 24 h in a Telstar
Lioalfa-6 freeze-drier.

As the impregnation liquid, commercial clementine juice (Hacendado brand) contain-
ing 9.8 g/L of NaHCO3 (Sigma-Aldrich, Madrid, Spain) and 5 g/L of yeast extract (Scharlau
Chemie®, Barcelona, Spain), inoculated with 1.4 ± 0.3 × 106 cfu/mL of L. salivarius and
then incubated at 37 ◦C for 24 h was used (liquid 0%_0 MPa). In certain experiments,
100 g/kg of food-grade trehalose from tapioca starch (TREHATM, Cargill Ibérica) was
added to the juice prior to inoculation (liquid 10%_0 MPa). In other experiments, the
fermented liquid was homogenized at 100 MPa in a laboratory scale high pressure homog-
enizer (Panda Plus 2000, GEA-Niro Soavi) before it was used as an impregnation liquid
(liquid 0%_100 MPa). Based on previous findings [28], homogenization at 100 MPa was
not applied to the liquid containing 10% (w/w) of trehalose since it significantly reduced
(p-value < 0.05) the survival of L. salivarius following the in vitro digestion of the inoculated
clementine juice. Final counts in any of the vacuum impregnation liquids were in the order
of 6 ± 2 × 108 cfu/mL.

2.3. In Vitro Simulation of Gastrointestinal Digestion

The in vitro simulation of gastrointestinal digestion of the different food matrices was
performed in sterile conditions following the protocol described by García-Hernández
et al. [18], with some modifications. Each sample was digested three times in duplicate for
the determination of both the microbial and the antioxidant properties.

For the oral stage simulation, apple samples were manually cut into pieces of about
2 × 2 × 5 mm3 and mixed with human saliva in a ratio 1:1 (w/v) and 1:2 (w/v), for non-
dehydrated (VI apples) and dehydrated samples (both AD and FD apples), respectively.
After grinding with a T 25 digital ULTRA-TURRAX® (IKA®-Werke GmbH & Co. KG,
Staufen, Germany) at 8500–9500 rpm for 1 min, the simulated oral bolus was mixed in a
ratio 1:5 (w/v) with a 3 g/L solution of 3200–4500 U/mg pepsin porcine (Sigma-Aldrich,
Madrid, Spain) in a sterile saline solution at 0.5% (w/v) adjusted to pH 2 with HCl (0.5 N).
Following 2 h of constant agitation at 100 rpm and 37 ◦C on an orbital shaker (Optic Ivymen
Systems TM), the resulting simulated chime was mixed in a ratio 1:1.8 (w/w) with a 1 g/L
solution of 8 × USP porcine pancreatin (Sigma-Aldrich, Madrid, Spain) in a sterile saline
solution at 0.5% (w/v) adjusted to pH 8 with NaOH (0.1 N). This mixture remained for
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another 4 h under constant agitation at 100 rpm and 37 ◦C on an orbital shaker (Optic
Ivymen SystemsTM).

Sampling for the microbial counts was performed at the end of the oral phase at
different times along gastric digestion (0, 10, 30, 60, and 120 min) and at different times
along intestinal digestion (0, 30, 60, 120, 180, and 240 min). For each time point, 1 mL of
the liquid phase was withdrawn from the reaction vessel. Sampling for the antioxidant
properties was only performed at the end of both the gastric and the intestinal phases by
separating 1 mL aliquots from the corresponding liquid phase.

2.4. Analytical Determinations
2.4.1. Moisture Content and Water Activity

The moisture content was obtained from the weight loss undergone by a certain
amount of the sample when dried in a vacuum oven (Vaciotem-T, J.P. Selecta) at 60 ◦C and
200 mbar until a constant weight was reached. The water activity was measured in a CX-2
AquaLab dew point hygrometer (Decagon Devices, Inc., Pullman, WA, USA) at 25 ◦C.

2.4.2. Microbial Counts

Colony counts were measured by serial decimal dilution in sterile distilled water and
plated on MRS Agar (Scharlau Chemie®, Barcelona, Spain). Since the microbial growth
did not significantly increase under anaerobic conditions, the plates were incubated in
aerobiosis at 37 ◦C for 24 h. The survival of the microbial strain during each stage of
in vitro gastrointestinal digestion was then calculated as the ratio between the microbial
concentration at the end of the stage and the microbial concentration at the end of the
previous one, both referred to the same basis. Likewise, probiotic survival during the entire
in vitro gastrointestinal digestion was calculated as the ratio between the microbial concentration
in the liquid phase at the end of the intestinal stage and the microbial concentration of the
undigested sample. All survival results were expressed as a percentage.

2.4.3. Antioxidant Properties

Measurements in the case of the undigested samples were carried out on the super-
natants resulting from the mixing of 2 g of the VI apple (which was reduced to 0.35 g in
the case of AD and FD apples) with 20 mL of an 80:20 (v/v) methanol in a water solution,
dispersing for 2 min at 5000 rpm with a T 25 digital ULTRA-TURRAX® disperser (IKA®-
Werke GmbH & Co. KG, Staufen, Germany), shaking in the dark for 1 h at 200 rpm on
an orbital shaker (Rotabit, J.P. Selecta, Barcelona, Spain) and subsequent centrifugation
at 10,000 rpm and 4 ◦C in a Medifriger-BL-S (J.P. Selecta, Barcelona, Spain) centrifuge.
Measurements at the end of both the gastric and the intestinal stage were directly carried
out on the resulting liquid phases, which were diluted with distilled water in a 1:5 (v/v)
ratio for AD and FD apples.

The total phenol content, total flavonoid content, and the overall antioxidant activity
of the target samples were spectrophotometrically determined following the procedures
described in Burca-Busaga et al. [26].

The total phenol content, which was obtained from the blue color intensity that results
after the reaction between the Folin–Ciocalteu reagent (Sigma-Aldrich, Madrid, Spain) and
the phenolic compounds present in the sample, was measured at 760 nm and expressed as
mg of the gallic acid equivalents per gram of the dried sample (mg GAE/g dw). Specifically,
125 µL of the sample, 125 µL of the Folin–Ciocalteu reagent, and 500 µL of double distilled
water were mixed. Following 6 min of reaction in the dark, 1.25 mL of 7.5% (w/v) sodium
bicarbonate and 1 mL of redistilled water were added and left to react for another 90 min.

The total flavonoid content, which was assessed following the aluminum chloride
method, was measured at 368 nm and expressed as mg of the quercetin equivalents per
gram of the dried sample (mg QE/g dw). For that purpose, 1.5 mL of sample reacted for
10 min with 1.5 mL of a 2% (w/v) solution of aluminum chloride in methanol.
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Finally, the antioxidant activity was measured by the DPPH method, which consists of
measuring the color change at 515 nm from deep-violet to pale-yellow undergone by radical
1,1-diphenyl-2-picrylhydrazyl when reduced by antioxidants or other radical species, and
expressed as mg of the trolox equivalents per gram of the dried sample (mg TE/g dw).
In this case, 100 µL of the sample, 900 µL of methanol, and 2000 µL of a 100 mM DPPH
solution in methanol (v/v) reacted for 30 min in a spectrophotometry cuvette. A blank was
used in which the sample was replaced by the same volume of redistilled water.

The bioaccessibility of each compound, defined as the portion that is released from
the food matrix into the gastrointestinal tract and thus becomes available for intestinal
absorption [17], was obtained as the ratio from its concentration in the liquid phase at the
end of the intestinal stage and the concentration in the sample before digestion.

2.5. Statistical Analysis

The statistical analysis of the experimental data was performed by means of a one-
way or multifactorial ANOVA (confidence level of 95%) carried out with the Statgraphics
Centurion XVI tool.

3. Results and Discussion
3.1. Effect of the Food Matrix and the Vacuum Impregnation Solution on Probiotic Survival during
In Vitro Digestion

The effect of the food matrix (VI, AD, or FD apples) and the vacuum impregnation
liquid (0%_0 MPa, 0%_100 MPa, or 10%_0 MPa) on L. salivarius counts along the in vitro
simulation of the gastrointestinal human digestion were recorded and are shown in Figure 1.
The values obtained for the undigested samples (FOOD) were of the same order as those
reported in a previous study by Burca-Busaga et al. [26].

Viable counts in both the VI and FD apples were hardly affected by the exposure to
simulated mouth conditions. However, those in the AD apples decreased by 34 ± 4%,
47 ± 6%, and 68.1 ± 1.2% for liquids 0%_0 MPa, 0%_100 MPa, and 10%_0 MPa, respectively.
Given that the microbial counts along the in vitro digestion were performed on the liquid
phase, it is postulated that the microorganisms were completely released from the solid
matrix to the salivary fluid in the VI and FD apples, but only partly in the AD samples.
Leaching has previously been reported to be fast and excessive for FD apple cubes and a
bit slower for AD apple cubes since freeze-drying causes a more extensive cell wall rupture
than the convective process [29]. As for the significantly lower release of L. salivarius from
the AD apples that were impregnated with the liquid that included 10% of trehalose in
its composition, this is consistent with the ability of this disaccharide to replace the water
of hydration at the membrane–fluid interface, thus preventing structural collapse as the
tissue is dried [30].
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A progressive decline in the microbial counts was observed in most cases along the
second digestive step. These expected results are attributed to the ability of pepsin to
destroy the peptide bond between amino acids and to degrade the microbial cell mem-
brane [31]. However, as pointed out by García-Hernández et al. [18], microbial death
due to the shock produced by the gastric juices is more likely to occur in those bacteria
whose cell wall had been previously damaged by external factors. In accordance with this,
a reduction in the viable number after the gastric stage was minimum in the VI apples
(~38 ± 8% on average for samples impregnated with liquids 0%_0 MPa, 0%_100 MPa,
and 10%_0 MPa) and increased with the application of a dehydration step (Table 1). Of
the two dehydration techniques, freeze-drying was the one with the least impact on the
microbial viability (a survival of 21 ± 8% on average for the samples impregnated with
liquids 0%_0 MPa, 0%_100 MPa, and 10%_0 MPa). In the case of AD apples, the only
contact with the simulated gastric juice reduced the number of viable cells to less than
10 cfu/g. As regards the vacuum impregnation liquid (Table 1), adding 10% of trehalose to
its composition slightly reduced the survival of L. salivarius during in vitro gastric digestion
possibly due to induced osmotic stress. On the contrary, homogenizing the microorganism
at 100 MPa had no effect on its survival in VI apples after 120 min of exposure to the
simulated gastric juice, but significantly increased that in FD apples. It seems that those
cells that survived the freeze-drying step after their homogenization at 100 MPa were
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better prepared to withstand adverse stomach conditions. In a previous study [28], the
survival of L. salivarius in gastric simulated conditions after the in vitro digestion of the
vacuum impregnation liquids was reported to be 36 ± 7%, 57 ± 3%, and 51.34 ± 0.13%
for liquids 0%_0 MPa, 0%_100 MPa, and 10%_0 MPa, respectively. Significantly higher
values obtained in the present study after the in vitro digestion of VI apples (63 ± 7% on
average) confirms that including the lactobacillus into the porous structure of apple slices
protects it as it passes through the upper gastrointestinal tract. In particular, the grip of
microorganisms to apples mainly occurs in the intercellular spaces of the parenchymal
tissue of the fruit [14]. This finding is particularly interesting in relation to the ability
of L. salivarius to inhibit pro-inflammatory cytokine secretion from Helicobacter pylori (a
well-known gastric pathogen) infected cells [32].

Table 1. Microbial concentration of the digested samples (final counts) and the survival percentage of L. salivarius to each
stage (oral, gastric, and intestinal) and the entire simulated digestion (total) as affected by the food matrix and the growing
media. Mean value ± standard deviation of triplicates from two independent treatments.

Treatment
Oral Stage

Xlb
OS

Xlb
UF

·100

Gastric Stage
Xlb

GS
Xlb

OS
·100

Intestinal Stage
Xlb

IS
Xlb

GS
·100

Total
Xlb

IS
Xlb

UF
·100

Final Counts
(Log cfu/g)

MRS Broth - 33 ± 2 b 48.50 ± 0.13 bc 15.8 ± 1.4 b 8.566 ± 0.004 f

VI apple
0%_0 MPa

0%_100 MPa
10%_0 MPa

97 ± 4 de

100 ± 2 e

93 ± 7 d

68 ± 3 d

65 ± 7 d

55 ± 9 c

68 ± 8 d

48 ± 2 b

54 ± 6 bc

47 ± 5 d

31 ± 4 c

28 ± 5 c

7.904 ± 0.012 e

7.644 ± 0.015 d

7.67 ± 0.06 d

FD apple
0%_0 MPa

0%_100 MPa
10%_0 MPa

99 ± 2 de

94 ± 4 de

93 ± 2 de

17 ± 5 a

28 ± 5 b

14 ± 3 a

53 ± 9 bc

58 ± 5 c

24 ± 3 a

9 ± 2 a

16 ± 3 b

3.1 ± 0.2 a

7.19 ± 0.05 c

7.438 ± 0.012 b

6.82 ± 0.07 a

AD apple
0%_0 MPa

0%_100 MPa
10%_0 MPa

66 ± 4 c

53 ± 6 b

31.9 ± 1.2 a

n d
n d
n d

n d
n d
n d

n d
n d
n d

n d
n d
n d

abcde different superscripts in the same column indicate statistically significant differences (p-value < 0.05). Xlb
UF are the colony counts of

undigested food (cfu/g dw); Xlb
OS are the colony counts at the end of the oral stage (cfu/g dw); Xlb

GS are the colony counts at the end of the
gastric stage (cfu/g dw); and Xlb

IS are the colony counts at the end of the intestinal stage (cfu/g dw).

Exposure to the small intestinal conditions (pancreatin solution at pH 8.0) resulted in
further changes in the survival rate of L. salivarius. Again, the loss of viability was signifi-
cantly higher (p-value < 0.05) in FD apples than in VI apples, and while homogenization at
100 MPa slightly increased L. salivarius survival in the simulated intestinal juice digestion in
FD samples, it significantly reduced it in VI ones (p-value < 0.05). Adding 10% of trehalose
to the vacuum impregnation liquid negatively affected the survival of lactobacillus during
intestinal digestion in both VI and FD apples, but this was much greater in the case of
the FD samples in which the disaccharide reached a higher concentration. Given that
extracellular trehalose cannot provide sufficient protection for cells during dehydration
and gastrointestinal digestion [33], the trehalose added to the growing media was neither
imported nor did it induce the expression of trehalose-synthesizing genes to a sufficient
extent.

The survival of L. salivarius during the entire gastrointestinal digestion was obtained,
as explained in Section 2.4.2, from its survival during the simulated oral, gastric, and
intestinal stages. As shown in Table 1, the survival of L. salivarius in VI apples after the
simulated gastrointestinal digestion was similar to that previously reported by Barrera
et al. [28] for vacuum impregnation liquids (between 26 ± 5% and 33 ± 2% for liquids 0%_0
MPa and 0%_100 MPa, respectively), but was significantly higher than that obtained for
L. salivarius in FD apples or in MRS Broth. These differences, however, did not prevent the
microorganism from reaching the end of the digestive process in a sufficient concentration
(>107 cfu/g) to exert a beneficial effect on the consumer’s health.

The survival of L. salivarius during the simulated gastrointestinal digestion of both
VI and FD samples was significantly higher (~0.4 log reduction and ~1 log reduction,
respectively) than that reported by Valerio et al. (2020) for L. paracasei IMPC2.1 in a pectin-
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coated dehydrated apple snack containing ≥9 log cfu/20 g portion (~2 log reduction). On
the same microbial strain, air drying conducted at 60 ◦C for 1 h, 50 ◦C for 30 min, and 40 ◦C
up to 24 h was less detrimental to its survival during the digestion process than one-stage
drying at 40 ◦C [25]; on the contrary, the encapsulation of the lactobacillus by HPH at
70 MPa considerably reduced the survival of the strain during the digestion process in FD
apple slices.

3.2. Effect of the Food Matrix and the Vacuum Impregnation Solution on the Bioaccesibility of
Antioxidants during In Vitro Digestion

Total phenols (mg GAE/g dw), total flavonoids (mg QE/g dw), and overall antioxi-
dant activity (mg TE/g dw) measured before and after each stage of the in vitro simulation
of the gastrointestinal human digestion as affected by the food matrix (VI, AD, or FD apple)
and the vacuum impregnation liquid (0%_0 MPa, 0%_100 MPa, or 10%_0 MPa) are shown
in Figure 2. In accordance with the previous findings of the research group [26], the values
obtained for the undigested vacuum impregnated apples were 5.6 ± 0.4 mg GAE/g dw,
1.4 ± 0.4 mg QE/g dw, and 6.5 ± 0.5 mg TE/G dw, regardless of the composition of the vac-
uum impregnation liquid used. These values remained almost constant after freeze-drying,
but significantly increased (p-value < 0.05) after convective drying.

Following the gastric phase of the in vitro digestion, a significant increase (p-value < 0.05) in
the content of both the total phenols and flavonoids was observed for VI samples. On average,
the content of the total phenols and flavonoids increased by 52 ± 11% and 152 ± 37%, re-
spectively, after the action of the simulated gastric juice. This is in agreement with previous
findings [34,35] and indicates that the 3 g/L pepsin solution adjusted to pH 2 allowed
more glycosidic bonds to be broken and enabled the release of more phenolic compounds
(especially of the flavonoid type) than the chemical extraction with an 80% (v/v) solution of
methanol in water. More specifically, apple samples impregnated with liquid 0%_0 MPa
showed the greatest increase in total phenols (from 5.27 ± 0.07 to 8.7 ± 0.6 mg GAE/g dw)
but the lowest increase in total flavonoids (from 1.78 ± 0.08 to 3.3 ± 0.5 mg QE/g dw).
Unlike the phenolic and flavonoid contents, the DPPH values of the VI apples were 40 ± 4%
lower after the gastric phase of digestion, regardless of the composition of the VI liquid.
Such a decrease in the antiradical activity could be attributed to the presence of other
antioxidant compounds different from polyphenols that are less soluble in the gastric juice
and/or more sensitive to the acidic conditions of the stomach. This could be the case
with carotenoids which, owing to the numerous double bonds of their chemical structure,
are particularly susceptible to oxidation in acidic media [35]. As an example, the overall
recovery of carotenoids after the gastric phase of mandarin pulp in vitro digestion was
around 79% [36], but it decreased to 36–63% when a blended fruit juice containing orange,
pineapple, and kiwi was digested [35].
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shown in Figure 2. In accordance with the previous findings of the research group [26], 
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Figure 2. Antioxidant content at each stage of the gastrointestinal in vitro simulation (before digestion
and after both the gastric and intestinal stages of digestion) as affected by the food matrix (VI, AD,
and FD apples) and the vacuum impregnation liquid (0%_0 MPa, 10%_0 MPa, and 0%_100 MPa).
Error bars represent the standard deviation of triplicates from two independent treatments. a,b,c,d,e

different letters within the same series indicate statistically significant differences (p-value < 0.05)
among samples analyzed at the same moment of the process.

As to the dried apples, all three antioxidant properties in the samples subjected to
gastric conditions were significantly lower (p-value < 0.05) than in the undigested ones. A
decrease in the total phenols in both AD and FD apples was of the same order (36 ± 4%)
and, although in total flavonoids it was slightly higher in FD (68 ± 4%) than in AD
apples (59 ± 8%), a reduction in the overall antioxidant activity was significantly higher
(p-value < 0.05) in AD (57 ± 5%) than in the FD apples (38 ± 15%). Since neither the total
content of phenols or flavonoids in the VI apples were negatively affected by the gastric
conditions, the decrease observed in both the AD and FD apples could be attributed to the
differences in the food matrix between the dry and wet samples. It follows that the release
of polyphenols from the solid matrix to the gastric fluid was negatively affected by the
structural changes derived from dehydration, regardless of the specific technique used.
However, as aforementioned for L. salivarius, the leaching of other antioxidant compounds
might be more effective from FD samples which are known to suffer a more extensive cell
wall rupture. Of all the dehydrated samples, those impregnated with liquid 0%_100 MPa
and subsequently FD showed the lowest decline in DPPH values after the gastric stage of
the in vitro digestion. This would confirm the application of high-pressure processing on
plant foods as a useful tool to improve the extractability and bioaccessibility of antioxidant
compounds either through producing changes in the membrane permeability and the
disruption of cell walls and cell organelles (as reported by Fernández-Jalao, et al. [17] for
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“Golden Delicious” apples subjected to 400–600 MPa for 5 min) or through reducing the
average particle size (as reported by Di Nunzio et al. [21] for mandarin juice homogenized
at 20 MPa).

Following the intestinal phase of the in vitro digestion, the total phenol content of VI
apples increased between 15% and 20%, depending on the composition of the vacuum
impregnation liquid. However, that of AD and FD apple slices decreased by 11 ± 3%,
regardless of the drying technique or the vacuum impregnation liquid used. Based on
these findings, it could be said that the total polyphenol release that took place during
the gastric digestion of VI apples was uncompleted since vacuum impregnation allows
these bioactive compounds to be better retained and protected in the intercellular spaces.
This result would be in accordance with that reported by Liu et al. [37], who found that
the amount of total extractable phenols released from freeze-dried apple pomace powder
increased significantly (from 4.4 to 17.5 mg GAE/g) from the gastric to the jejunal phase
due to alkaline hydrolysis causing the breaking of the ester bond linking phenolic acids
to the cell wall. However, since Chen et al. [38] also observed that the phenolic content of
red delicious apple extracts after the duodenal phase of in vitro digestion was 2.45 times
higher than that obtained after the gastric phase, some other changes in polyphenolic com-
pounds such as an interaction with other dietary components, as well as the modification
of the chemical structure or solubility might happen. Interestingly, these same changes are
considered responsible in other studies for the decrease in the total polyphenols observed
in the mild alkaline intestinal conditions [39–41]. With regard to chlorogenic acid, the
most abundant apple polyphenol, Bouayed et al. [40] reported that between 41% and 77%
was degraded during the intestinal digestion of fresh apples, an amount that increased
up to 100% in the case of flavanols and caffeic acid belonging to the group of hydroxycin-
namic acids. In addition, isomers of chlorogenic acid, mainly cryptochlorogenic acid and
neochlorogenic acid, were found to arise in the intestinal phase at concentrations almost
comparable to that of residual chlorogenic acid. Nevertheless, the total polyphenolics in
the intestinal medium was 40% lower than in the gastric medium. In a different study [41],
the total polyphenol content of the air dried apple slices was reported to decrease from
121 ± 21 mg GAE/100 dw to 104 ± 25 mg GAE/100 dw (~14%) due to a pH change from
acid (gastric digestion) to alkaline (intestinal digestion), and from 272 ± 8 mg GAE/100 dw
to 188 ± 9 mg GAE/100 dw (~31%) when apple slices were enriched with grape juice by
vacuum impregnation and ohmic heating at 50 ◦C before convective drying.

Regarding the total flavonoid content, it remained fairly stable after the intestinal
phase simulation and only decreased by 7% on average, regardless of the food matrix
and the vacuum impregnation liquid. Out of all the flavonoids in apples, epicatechin,
procyanidin B2, and quercetin-3-O-galactoside were found to be the most degraded ones
under the weak alkaline conditions of the intestinal digestion [37]. Of the three different
matrices analyzed, FD apples were the ones that showed a significantly higher loss of
flavonoids (p-value < 0.05), while that in VI apples was found to be the lowest. As regards
the vacuum impregnation liquid, the 0%_100 MPa was the one that best prevented the
degradation of the flavonoids. A similar positive effect on the bioaccessibility of flavonoids
as a result of the ortanique low pulp juice homogenization at 20 MPa was previously
observed by Di Nunzio et al. [21] and was explained in terms of the reduction in the
particle size of the juice that facilitates the release of bioactives from the matrix.

Compared with the gastric phase of digestion, the overall antioxidant activity of both
the VI and AD samples increased significantly (p-value < 0.05), but particularly in VI apples
when liquid 0%_0 MPa was used as an impregnation solution, after the intestinal phase
of digestion. On the contrary, the DPPH values of the FD samples decreased by 36 ± 4%,
21 ± 3%, and 28 ± 3% for vacuum impregnation liquids 0%_0 MPa, 0%_100 MPa, and
10%_0 MPa, respectively. An increase in the overall antioxidant activity of VI apples during
the intestinal phase was consistent with the increase in the total phenol content. Likewise,
a decline in the ability of FD apples to scavenge DPPH radicals matched with the decrease
in both the total phenol and flavonoid content. However, the increase in the overall antioxi-
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dant activity of AD apples that took place during the intestinal phase despite the decrease
in both the total phenol and flavonoid content suggests that novel compounds formed
during the hot air-drying processing, such as Maillard-derived melanoidins responsible for
browning during the drying process, might still be released to the soluble fraction under
alkaline conditions.

All these changes affecting the antioxidant properties of the apple samples along the
digestive process have a direct impact on their bioaccessibility, which is a prerequisite for
their ability to be effectively absorbed from the intestinal tract into the blood circulation and
delivered to the appropriate location within the body [42]. The bioaccessibility of the total
phenols, the total flavonoids, and the total antioxidant activity as affected by the food matrix
(VI, AD, or FD apples) and the vacuum impregnation liquid (0%_0 MPa, 0%_100 MPa,
or 10%_0 MPa) are shown in Figure 3. As it can be observed, the bioaccessibility of the
phenolic compounds, including flavonoids, and of all the other antioxidant compounds was
significantly higher (p-value < 0.05) for VI apples. When liquids 0%_100 MPa or 10%_0 MPa
were used as impregnating solutions, the total flavonoids released from VI to the liquid
phase at the end of the intestinal stage increased 2.9-fold compared with their content in the
undigested samples. This value was reduced to 2.0-fold for vacuum impregnation liquid
0%_0 MPa. A totally opposite effect on the bioaccessibility of both the total phenols and the
antioxidants from the VI apples was observed, so that samples impregnated with liquid
0%_0 MPa showed the highest values. In any case, the bioaccesibility values obtained for
the VI apples were considerably higher than expected; this could be related to the microbial
activity of the lactobacillus strain. This is in line with the findings of Di Nunzio et al. [21],
who reported a significant increase in narirutin and didymin bioaccessibility by adding
8 log cfu mL−1 of L. salivarius to ortanique juice homogenized at 20 MPa. As was also
argued by these authors, this result can be attributed to the ability of the microorganism to
enhance the release of phenolic compounds linked to fibers and other components of the
food matrix. The total phenolic content, anthocyanin, and the DPPH radical scavenging
capacity of Sohiong juice were also reported to increase in the presence of L. plantarum [43],
possibly due to its β-glucosidase activity, as well as to its ability to biotransform the
bioactive compounds into their metabolites or to chelate metal ions and to scavenge
reactive oxygen species.

The bioaccessibility values obtained for both the AD and FD apples were of the same
order: between 46.5% and 78.9% for total phenols, between 27.5% and 44.5% for total
flavonoids, and between 39.7 and 61.2% for DPPH scavenging potential. In comparison,
Bouayed et al. [40] found that the bioaccessibility of phenolic compounds in apples was 55%,
which is in the range of the values obtained in the present study, and Gullon et al. [42] found
that the bioaccessibility of polyphenolic compounds present in apple bagasse flour was
91.58%, which is much higher than the values obtained in the present study. Only significant
differences (p-value < 0.05) were found between AD and FD apples for the bioaccessibility
of the total phenols and the total antioxidant values and when liquid 10%_0 MPa was
used as the impregnating solution, with AD apples showing higher values than FD ones.
Regarding the vacuum impregnation liquid, it hardly affected the bioaccessibility of both
the total phenols and flavonoids, but it did affect that of the total antioxidants. In general
terms, both the addition of trehalose and the homogenization at 100 MPa increased the
bioaccessibility of the total antioxidants in FD and AD apples.
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4. Conclusions

The study shows that both the survival of L. salivarius and the bioaccessibility an-
tioxidants during in vitro digestion were affected by the food matrix of which they are a
part. The greatest viability was found when the microorganism was incorporated into the
apple’s porous structure by means of the vacuum impregnation technique, but it decreased
significantly with the application of a dehydration step. The bioaccessibility of antioxidants
also reached the highest values in vacuum impregnated samples, in which both the total
phenol and total flavonoid release to the intestinal liquid phase doubled that which was
present in the undigested food. The addition of trehalose and the homogenization at
100 MPa increased the bioaccessibility of the total antioxidants in FD and AD apples and
the bioaccessibility of the total flavonoids in the VI samples. Homogenizing at 100 MPa
also increased the survival of L. salivarius during in vitro digestion in the FD samples.
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Abstract: Milk is commonly exposed to processing including homogenization and thermal treat-
ment before consumption, and this processing could have an impact on its digestion behavior in
the stomach. In this study, we investigated the in vitro gastric digestion behavior of differently
processed sheep milks. The samples were raw, pasteurized (75 ◦C/15 s), homogenized (200/20 bar at
65 ◦C)–pasteurized, and homogenized–heated (95 ◦C/5 min) milks. The digestion was performed
using a dynamic in vitro gastric digestion system, the human gastric simulator with simulated gas-
tric fluid without gastric lipase. The pH, structure, and composition of the milks in the stomach
and the emptied digesta, and the rate of protein hydrolysis were examined. Curds formed from
homogenized and heated milk had much looser and more fragmented structures than those formed
from unhomogenized milk; this accelerated the curd breakdown, protein digestion and promoted
the release of protein, fat, and calcium from the curds into the digesta. Coalescence and flocculation
of fat globules were observed during gastric digestion, and most of the fat globules were incorpo-
rated into the emptied protein/peptide particles in the homogenized milks. The study provides a
better understanding of the gastric emptying and digestion of processed sheep milk under in vitro
gastric conditions.

Keywords: sheep milk; protein; fat; pepsin; homogenization; heat treatment; protein coagulation;
structure; gastric digestion

1. Introduction

Sheep milk is of high nutritional value and has potential for the development of
nutritional and functional milk products, attracting a growing number of consumers
worldwide [1]. Milk, as an important source of protein for humans, has been widely
examined for its digestion behavior in both in vivo and in vitro studies [2–4]. The digestion
of cow milk has been investigated extensively, whereas the digestion of noncow milk (i.e.,
sheep milk) is less studied.

Sheep milk and cow milk vary significantly in composition, physicochemical prop-
erties, and structures, which may potentially lead to different digestion behaviors within
the gastrointestinal tract and the bioavailability of nutrients [1]. Jasińska [5], conducted
a study to examine the hydrolysis of the casein micelles in the raw milks from 4 species
(human, goat, mare, and two breeds of cow) and showed that the degrees of hydrolysis of
the caseins by pepsin were 80%, 65%, 45%, 42%, and 23% for human, goat, mare, black and
white cow, and red polish cow milk, respectively. Jasińska [5], attributed the differences
in casein hydrolysis in the milks from different species to the different physicochemical
properties and compositions of the caseins such as micellar structure and different levels
of β-casein. Previous studies have also shown that the different compositions of milk
proteins can result in different digestion behaviors [6–8]. For instance, goat milk has lower
αs1-casein content and higher β-casein content than cow milk, and infant formulas made
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from goat milk formed smaller flocs of aggregated proteins and fat globules during in vitro
gastric digestion, resulting in faster protein digestion in the infant formula made with goat
milk than in that made with cow milk [7,9]. Sheep milk has markedly higher levels of β-
and αs2-casein but lower levels of αs1-casein than cow milk, which may potentially affect
its coagulation behavior and protein hydrolysis in the stomach [10]. Previous research
comparing the in vitro gastric digestions of cow, goat, and sheep milks found that the
curds formed from sheep skim milk had higher total solids and lower moisture contents
than those formed from cow and goat skim milks because of their different chemical
compositions, resulting in a firmer curd from the sheep skim milk [6].

Milk is commonly exposed to different processing treatments (i.e., pasteurization and
homogenization), which leads to structural changes in its components (i.e., protein and
fat). For instance, the heat treatment of milk could result in a series of protein–protein and
protein–lipid interactions and changes, depending on the heat intensity level [11–14]. The
homogenization of milk increases the stability of the milk fat globules because of a decrease
in fat globule size and the adsorption of caseins and whey proteins onto the surface of the
newly formed milk fat globules [15]. Additionally, homogenization coupled with the heat
treatment of milk increases the association of denatured whey proteins with the adsorbed
caseins and milk fat globule membrane (MFGM) proteins via disulfide bonds, leading to
alteration of the interfacial composition of the fat globules [16]. In turn, these changes in
the milk components could have an impact on the digestion behavior of milk within the
gastrointestinal tract.

Roy et al. [17] investigated the effect of pasteurization on the in vitro gastric diges-
tion of milks from cow, goat, and sheep and found that all pasteurized milks formed
less integrated curds than their raw milk counterparts, resulting in a greater extent of
deformation and thus higher levels of fat release into the liquid phase. However, the effect
of homogenization and intensive heat treatment on sheep milk has not been investigated.
There has been extensive research on the in vitro digestion of cow milk treated with more
intense heat treatment. The curds formed from intensively heated cow milk were more
fragmented and crumbly compared with the more cohesive curds formed from unheated
or pasteurized milk, which was attributed to the differences in the structural changes in
the milk components that were induced by the different processing treatments [4,18]. The
content and the structure of the curds formed from homogenized cow milk during gastric
digestion also showed differences compared with those formed from raw cow milk. Ye
et al. [19] reported that homogenized milk formed an integrated curd but with a more
porous structure than that formed from untreated whole milk in the early stage of in vitro
gastric digestion, and that the curd became less integrated and was separated into several
small pieces at longer digestion times. Milks treated with a combination of homogenization
and heat treatment were digested more effectively than those treated with either heat treat-
ment or homogenization alone [4,19]. For example, Ye et al. [19] investigated the effects of
homogenization and heat treatment on the formation of curds during the in vitro gastric di-
gestion of whole cow milk and observed that homogenization of the milk followed by heat
treatment resulted in the formation of curds with more fragmented and crumbly structures
than those formed from raw and singly homogenized whole milk. These differences in
the digestion behaviors of differently processed milks suggest that they are likely to have
different physiological effects (i.e., level of satiety and secretion of cholecystokinin) within
the gastrointestinal tract [20]. Therefore, the effect of homogenization and intensive heat
treatment on the digestion behavior of sheep milk was investigated. Egger et al. [21,22],
investigated the protein hydrolysis in cow skim milk powder using a simple in vitro static
digestion model and in vivo pig digestion model and found that the protein patterns at
the endpoints of gastric digestion were similar in both models. The comparison of the
gastric digestion behaviors of pasteurized and UHT homogenized cow milks using a rat
model and an in vitro dynamic human gastric simulator was assessed by Ye et al. [18]. The
formation of curds in the stomach was found in both in vivo and in vitro and the protein
digestion was following a similar trend in both models [18]. It suggests that the digestion
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behavior of milk observed in in vitro dynamic digestion model could generate a good
approximation to the in vivo results.

In this study, both untreated and processed (homogenization at 200/20 bar and 65 ◦C,
pasteurization at 75 ◦C for 15 s, and heat treatment at 90 ◦C for 5 min) sheep milks were
digested using a dynamic in vitro gastric digestion model (a human gastric simulator,
HGS) to investigate the effects of homogenization, heat treatment, and the combination
of homogenization and heat treatment on their gastric digestion behaviors, including
coagulation, curd structure, protein digestion, and the release of protein and fat from the
stomach.

2. Materials and Methods
2.1. Milk Supply and Processing Treatments

Fresh sheep milk was collected from Spring Sheep Milk Co. (Auckland, New Zealand)
and Maui Milk Co., Ltd., Waikato, New Zealand, during mid-lactation; the milks collected
from the two companies were mixed at a ratio of 1:1. Pasteurization of the sheep milk was
carried out at 75 ◦C for 15 s in a pilot-scale indirect UHT plant (Alfa-Laval, Huntingwood,
NSW, Australia). The homogenized milk was obtained by homogenizing raw sheep milk
at 200/50 bar and 65 ◦C in a 2-stage valve homogenizer in the Massey University pilot
plant. In the experiments, the homogenized sheep milk was pasteurized at 75 ◦C for 15 s to
make homogenized–pasteurized (homo–past) sheep milk; the homogenized and heated
(homo–heat) sheep milk was obtained by heating to reach 95 ◦C in the UHT plant and
then transferred to a water bath for holding for 5 min. The parameters for pasteurization
selected for processing of sheep milk were based on the codes of practice documents
of New Zealand Food Safety Authority [23]; the parameters for homogenization were
commonly used in industrial processing of milk; the heat treatment at 95◦C for 5 min is
commonly used in the processing of yogurt [24]. After heat treatment, these milk samples
were immediately cooled to 20 ◦C. The average fat globule sizes (d43) of the milk samples,
which were determined using a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK),
were 4.52 ± 0.14 µm and 0.62 ± 0.07 µm for the unhomogenized and homogenized sheep
milks, respectively.

2.2. Chemicals for In Vitro Gastric Digestion

Pepsin from porcine gastric mucosa (EC 3.4.23.1; Catalogue No. P7000, Sigma Chemi-
cal Co., St. Louis, MO, USA) had an enzymatic activity of 550 units/mg solid, as tested in
preliminary experiments. All other chemicals were of analytical grade and were purchased
from BDH Chemicals (BDH Ltd., Poole, UK) and Sigma Chemical Co. (St. Louis, MO, USA)
unless otherwise specified. All solutions were prepared using Milli-Q water purified by
treatment with a Milli-Q apparatus (Millipore Corp., Bedford, MA, USA).

Simulated salivary fluid (SSF) and simulated gastric fluid (SGF) were prepared at
1.25× concentration according to the method described by Brodkorb et al. [25] with slight
modifications. SSF was prepared based on the salt composition only, as described in
Brodkorb et al. [25], because milk contains no starch. The SGF (pH 1.5) did not include
gastric lipase because this study focused on the formation of protein curd and protein di-
gestion induced by pepsin. CaCl2 (H2O)2 was added into the SSF and the SGF immediately
before the digestion experiment to achieve final concentrations of 1.5 mM and 0.15 mM,
respectively. Furthermore, the SSF and SGF were supplemented with water to achieve a
1× concentration before addition into the stomach chamber.

2.3. In Vitro Gastric Digestion

A dynamic in vitro gastric model was used to mimic the dynamic gastric digestive
process. The HGS developed by Kong and Singh [26] was employed for the in vitro gastric
digestion of the sheep milks. The method described in Ye et al. [19] was used for the gastric
digestion with slight modifications. A 200 g sheep milk sample pre-warmed at 37 ◦C
was firstly mixed with an amount of SSF that equaled the total solids content of the milk
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samples (i.e., 18.5 g of solids in the sheep milk to 18.5 g of SSF), and then transferred and
warmed in the HGS at 37 ◦C for 2 min; a 20 mL fasting solution containing SGF (16 mL) and
pepsin solution (4 mL, 10,000 units/mL, prepared in water) was added into the mixture of
milk sample and SSF [27,28]; the SGF and the pepsin solution (10,000 units/mL) were then
added using two separate pumps at flow rates of 2.4 mL/min and 0.6 mL/min, respectively,
to achieve a 1× concentration of SGF and a pepsin activity of 2000 units/mL; the gastric
emptying rate was 3.6 mL/min; the emptied digesta were removed from the bottom of the
stomach chamber at 20-min intervals for accurate control of the gastric emptying. To mimic
the contraction and temperature of the stomach, the contraction frequency of the HGS
was set at 3 times/min and the temperature was maintained at 37 ◦C using a heater and
a thermostat. The gastric digestion time was up to 240 min, but most of the experiments
were stopped at different times to collect the coagulated milk curds for further analysis.
The digesta removed from the HGS at each time interval were filtered through a mesh with
a pore size diameter of 1 mm for further analysis, and the solid mass with size greater than
1 mm was put back into the HGS for further digestion. The processing and the digestion
experiments were triplicated with 3 different batches of raw sheep milk.

2.4. pH Measurement

The pH of the mixture of milk and SSF was defined as the initial pH in the HGS. The
pHs of the emptied digesta at different digestion time points refer to the pH in the HGS as
the simulated gastric contraction prevented easy access into the gastric chamber for direct
determination using the pH meter.

2.5. Weight of Curds

The content within the HGS at different digestion time points was collected and
filtered through a sieve mesh with a 1-mm pore size to separate the curd and the aqueous
phase. Curd larger than 1 mm was then immediately rinsed with pepsin-free SGF and
weighed to obtain the weight of the curds. Subsequently, these curds were heated at 90 ◦C
for 5 min to inactivate the pepsin and then dried at 105 ◦C for 24 h in a vacuum oven, so
that the weight of total solids of the curd could be determined. The measurements of the
curd weight were duplicated with 2 different batches of sheep milk.

2.6. Calcium, Protein, and Fat Content Analysis

The total calcium content of the dried curds was determined by inductively coupled
plasma optical emission spectroscopy after the curd powder had been dissolved and
digested by nitric and hydrochloric acids. The protein and fat contents of the curds and
digesta obtained at different digestion times from different milk samples were determined
using the Dumas method (AOAC 968.06) and the Mojonnier method (AACC 30-10) [29].
The protein content was calculated using a conversion factor of 6.25 for multiplication of
the nitrogen content of the curds and digesta. The analyses of calcium, protein, and fat
content of curds were duplicated with 2 different batches of sheep milk.

2.7. Protein Hydrolysis

The protein compositions of the curds and the emptied digesta were determined using
tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (tricine SDS-PAGE). The
sample buffer (containing 40% glycerol, 2% SDS, 0.04% Coomassie Brilliant Blue G-250,
5% β-mercaptoethanol, and 20% 0.2 M Tris-HCl, pH 6.8) was mixed with liquid digesta
to achieve a protein concentration of 1 mg/mL. For the solid curd samples, lyophilized
and ground curd powder was dissolved in 1 mL of sample buffer to achieve a protein
concentration of 1 mg/mL. These mixtures were then heated at 90 ◦C for 5 min, and 7 µL of
these heated mixtures was loaded in the wells of an electrophoresis gel that was pre-made
using a Mini-PROTEAN electrophoresis system. The electrophoresis gel was composed
of resolving gel (16% acrylamide, glycerol, 3 M Tris-HCl buffer, pH 8.45) and 4% stacking
gel (4% acrylamide, 3 M Tris-HCl buffer, pH 6.8). Two running buffers were employed
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to separate low-molecular-mass proteins/peptides with high resolution: an anode buffer
(0.2 M Tris-HCl, pH 8.9) and a cathode buffer (0.1 M Tris base, 0.1 M tricine, and 0.1%
SDS, pH 8.25). After running at a constant voltage of 120 V for around 2 h, the gel was
fixed using 5% glutaraldehyde with constant gentle shaking for 25 min. The fixed gel was
stained for 20 min using 0.03% Coomassie Brilliant Blue G-250 solution (0.3 g of Coomassie
Brilliant Blue G-250 in 1 L of 10% glacial acetic acid solution) and then destained with
destaining solution (10% glacial acetic acid solution) for 2 h to remove excess dye. The
protein patterns of the gels were imaged and analyzed using a Molecular Dynamics Model
PD-SI computing densitometer (Molecular Dynamics Inc., Sunnyvale, CA, USA).

2.8. Microstructure of Curds and Digesta

A confocal laser scanning microscope (Leica Microsystems Pty Ltd., Heidelberg,
Germany) was used to study the microstructure of the digesta obtained from the digestion
of the milks. The curd and digesta samples were stained and observed immediately
without inactivating the pepsin after collection, according to the method described by
Wang et al. [30]. The fluorescent dyes Nile Red and Fast Green were used to stain the oil
(argon laser with an excitation line at 488 nm) and the protein (He–Ne laser with excitation
line at 633 nm), respectively. A 200 µL aliquot of digesta was transferred into an Eppendorf
tube and then mixed with 5 µL of 1.0% (w/v) Fast Green and 10 µL of 0.1% (w/v) Nile Red.
The samples were stained for at least 5 min. For curd samples, an aliquot was taken using a
blade and stained with 1.0% Fast Green and 0.1% Nile Red for at least 10 min. The stained
samples were placed on concave confocal microscope slides (Sail; Sailing Medical-Lab
Industries Co. Ltd., Suzhou, China), covered with a coverslip, and examined with ×40 and
×100 oil immersion lenses. The microstructures of digesta and curds were measured once
at each time point with multiple fields.

2.9. Statistical Analysis

Each experiment was performed triplicates unless specified in methods using freshly
prepared milk samples. Data plotting and statistical analysis were performed using
GraphPad Prism 8.4.0 (GraphPad Software, San Diego, CA, USA). Statistical analysis
was performed using 1-way analysis of variance and Tukey’s multiple comparison test at a
significance level of p < 0.05. Relationships between protein release and fat release from
the curds were determined using nonlinear regression analysis. The results are presented
as the mean ± standard deviation.

3. Results and Discussion
3.1. Gastric pH Profile

The pH profiles of the milk samples in the HGS are shown in Figure 1. The pHs of
all milk samples decreased progressively, reaching a pH of between 2 and 3 at 240 min of
digestion. However, the pHs at 80–200 min of digestion showed statistically significant
differences (p < 0.05) among the milk samples, except for the pHs of the homo–past and
homo–heat milks (p > 0.05). The homogenized milk samples (homo–past and homo–heat)
had a markedly slower decrease in pH with the digestion time, reaching about pH 2.6 at
240 min of digestion, compared with the unhomogenized milk samples (pH 2.0 and pH
2.3 for the raw and pasteurized milks, respectively). There was also a difference in the
pH-decrease patterns between the unheated and heated milk samples; the effect of stronger
heating conditions on the pH profiles was more marked, resulting in a slower decrease
in pH. These differences were probably related to the formation of curds with different
structures in the differently treated milk samples, which might lead to different diffusion
rates of molecules and ions from the SGF into and out of the curds.
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Figure 1. pH changes during the in vitro gastric digestion of differently processed sheep milks:
•, raw milk; �, pasteurized (Past) milk; N, homogenized and pasteurized (Homo–past) milk; H,
homogenized and heated (Homo–heat) milk. Different lowercase letters indicate significant difference
(p < 0.05). Error bars represent standard deviations.

3.2. Gastric Coagulation of Sheep Milk

The appearance of the curds formed at different digestion times from differently
processed sheep milks is shown in Figure 2. In all milk samples, protein coagulation was
visible immediately after the addition of the milk into the SGF (20 mL of SGF with a pepsin
activity of 2000 units/mL). After 60 min of digestion, a firm curd with a smooth surface
was observed in both the raw milk and the pasteurized milk; at this stage, the serum phase
became clear, indicating that most of the casein micelles and fat globules were incorporated
into the curd. With further digestion to 180 min, the firm curds formed from the raw milk
samples became smaller but remained integrated, whereas the curds formed from the
pasteurized milk samples became less integrated and were broken into several small pieces
with various sizes (Figure 2). However, the curds from the homo–past and homo–heat
milks appeared to be more fragmented and looser than those from the raw and pasteurized
milks throughout the gastric digestion. In the homo–heat sheep milk, the curd crumbles
were much looser, smaller, and more evenly fragmented than those from the homo–past
milk. These results indicated that homogenization and different levels of heat treatment of
sheep milk could lead to the formation of differently structured curds.

Previous studies have suggested that the formation of curds in the stomach is initially
driven by the enzymatic action of pepsin on κ-casein [3,31,32]. The present study showed
that the coagulation of sheep milk occurred immediately after the mixing with SGF, in
which the pH in the system was greater than 6. The result was in agreement with previous
findings for cow milk [3,19].
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3.3. Microstructure of Curds

The structures of the milk curds formed from the raw, pasteurized, homo–past, and
homo–heat sheep milks at different digestion times were determined using confocal mi-
croscopy (Figure 3). For all milk samples before digestion, the fat globules were evenly
distributed in the protein aqueous phase, and the fat globule size in the homogenized
milks appeared to be much smaller than that in the unhomogenized milks. At 60 min of
digestion, a closely-knit network of protein matrix was observed in all milk samples, and
many fat globules were also found within the protein matrix. Additionally, the size of the
fat globules within the curd became larger during the digestion progress, compared with
that in undigested milk samples, suggesting that aggregation and/or coalescence of the fat
globules occurred because of the effect of hydrolysis by pepsin on the membrane proteins
surrounding the fat globules [33,34].

The small fat globules of the homo–past and homo–heat sheep milks appeared to
be well embedded within the protein matrix, whereas the fat globules of the raw and
pasteurized milks seemed to be entrapped within the curd without much contact with the
protein network (Figure 3). The difference between the homogenized and unhomogenized
sheep milk samples was probably related to the changes in the structure of the casein
micelles and the interfacial protein composition of the fat globules that were caused by
homogenization and heat treatment. Homogenization of milk leads to increases in the total
surface area of the fat globules and the adsorption of caseins and whey proteins [15,35].
These proteins that coat the smaller globules may interact with the protein network within
the curd, leading to the structural changes in the curds during the gastric digestion [4].
Further, more intense heat treatment of the homogenized sheep milk could result in a higher
level of association of denatured whey proteins with the casein micelles and with MFGM
proteins, which may reduce the casein–casein interactions and casein–fat interactions and
thus hinder the aggregation and coagulation of milk proteins [18]. It appears that these
structural changes of the fat globules and proteins that were induced by homogenization
and more severe heat treatment were responsible for the formation of the differently
structured curds, as observed in Figure 2.
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3.4. Disintegration of Curds
3.4.1. Weight of Curds

The weights of the curd and the total solids of the curds in all milk samples decreased
gradually throughout the gastric digestion (Figure 4A,B). The initial (20 min) weights of
the curds and the total solids of the curds followed the order raw < pasteurized < homo–
past < homo–heat, indicating that homogenization and more intense heating resulted in
the incorporation of more milk components into the curds. This was attributed to the whey
proteins that associated with the casein micelles during the heat treatment [18]. Statistical
analysis showed that there were significant differences in the weights of the curds between
the homogenized (homo–past and homo–heat) milks and the unhomogenized (raw and
pasteurized) milks (p < 0.01) and between the homo–past and homo–heat milks at 20 min
(p < 0.05), whereas there were no significant differences in the weights of the total solids of
the curds (p > 0.05), suggesting that more moisture might be retained in the curds formed
from the homogenized and heated sheep milks. This result was in agreement with previous
results, which showed that curds with a looser structure contained more liquid [18,36].
Thus, a curd with higher moisture content might contain more SGF and pepsin. With
further digestion, the weights of the curds and the total solids of the curds decreased much
faster in the homo–past and homo–heat sheep milks than in the raw and pasteurized sheep
milks. Significant differences between each time point in the weights of the curds and the
total solids were observed in the homo–past and homo–heat sheep milks (p < 0.05) but
not in the raw and pasteurized sheep milks. At 240 min of digestion, both the weight of
the curds and the weight of the total solids showed a reverse order compared with their
initial weights: raw > pasteurized > homo–past > homo–heat. These results suggested that
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pasteurization alone of sheep milk did not have much impact on the breakdown of the
curd compared with the raw sheep milk; pasteurization combined with homogenization
significantly accelerated the disintegration of the sheep milk curds; more intense heat
treatment of the homogenized sheep milk did not further impact the breakdown of the
curds compared with the homo–past sheep milk but resulted in a significantly higher
weight of the curds at 20 min.
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Figure 4. Changes in (A) the weight of the curds and (B) the weight of the total solids of the curds at different time points
(20–240 min) during the in vitro gastric digestion of differently processed sheep milks: •, raw milk; �, pasteurized (Past)
milk; N, homogenized and pasteurized (Homo–past) milk; H, homogenized and heated (Homo–heat) milk. Different
lowercase letters indicate significant difference (p < 0.05). Error bars represent standard deviations.

3.4.2. Changes in Protein, Fat, and Calcium Contents in the Curd

Figure 5A shows the protein content of the curds as the function of digestion time
in the 4 different sheep milks. The protein contents of the raw and pasteurized milks
remained nearly constant at around 43% during the digestion period, whereas those of
the homo–past and homo–heat sheep milks showed a decreasing trend as the digestion
progressed, especially after 60 min. For the homo–past milk, the protein content of the
curds decreased in the first 120 min, after which it remained roughly unchanged at around
36% until the end of digestion. The decreasing trend for the protein content of the homo–
heat milk continued to 180 min (from ~40–~30%). The fat content of the curds is shown in
Figure 5B. Similar to the protein content, there were no obvious changes in the fat content of
the curds of the unhomogenized milks throughout the gastric digestion, with a fat content
of ~45% for the raw milk and of ~46% for the pasteurized milk. However, the fat contents
of the curds of the homogenized milks showed an opposite trend compared with their
protein counterparts. The fat contents of the curds increased for 120 min and 180 min
of digestion for the homo–past milk (from 47.8–55.6%) and the homo–heat milk (from
43–63.8%), respectively, after which the level remained almost unchanged.

The relationships between the amounts of protein and fat in the curds are shown in
Figure 5C. The slope of the regression line for the raw and pasteurized sheep milks was
close to 1, indicating a strong correlation between fat and protein in the curds at different
time points. Similar results have been reported for the gastric digestion of unheated and
heated cow milks [36]; the slopes of the regression lines for the fat–protein profiles of the
curds formed from these milk samples were close to 1. This indicates that the fat was
evenly distributed in the curds and was released from the curds in equal proportion to the
protein. However, a nonlinear correlation between the fat and protein in the curds was
found for the homo–past and homo–heat sheep milks, suggesting that fat and protein had
different rates of release from the curd. The amounts of fat and protein in the homo–past
and homo–heat sheep milks were significantly lower than those in the raw and pasteurized
sheep milks at 240 min of digestion (the leftmost points in Figure 5C) (p < 0.05), indicating
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that the release of fat and protein occurred more rapidly in homogenized sheep milk than
in unhomogenized sheep milk.

The homo–past and homo–heat sheep milks had higher initial weights of the fat in the
curds than the raw and pasteurized sheep milks (the rightmost point in Figure 5C). Previous
studies have suggested that newly formed fat globules in milk after homogenization are
covered by caseins and whey proteins and are able to act as pseudo-protein particles
that can interact with the protein phase during coagulation, becoming an integral part
of the protein matrix and thus resulting in higher fat contents of the curds [37,38]. The
microstructures of the curds (Figure 3) also confirmed these findings. Further, the inclusion
of smaller fat globules in the protein matrix can soften the casein network because the
homogeneously distributed small fat globules in the protein network result in a larger
intermicellar distance and thus hinder the fusion and syneresis of the casein matrix [35,39].
It should be noted that the gastric lipase was not included in SGF in this study because
we mainly focused on the investigation of the formation of protein curd and protein
digestion under gastric conditions. Previous studies have shown that the gastric lipolysis
represents 10% to 30% of total lipid digestion throughout the gastrointestinal tract [2], but
the reciprocal effects of gastric lipase and pepsin on the milk digestion behavior are unclear.
The inclusion of gastric lipase in the gastric digestion of milk may have an impact on the
breakdown of curds and the release of fat from the curds, further investigations need to be
taken in the future.

The calcium contents of the dried curds obtained from the 4 different types of sheep
milk are presented in Figure 5D. The calcium content in all curds decreased with increasing
digestion time, but the rates of decrease were different between the unhomogenized and
homogenized milks. The calcium contents of the dried curds in the raw and pasteurized
milks decreased steadily over the digestion time, whereas those in the homo–past and
homo–heat milks decreased rapidly in the first 60 min and then slowly in the following
120 min. These results suggest that calcium was gradually released from the curd to the
liquid phase as the digestion time increased. It has been suggested that bound calcium
solubilizes when the pH of the curds decreases to below 5.6, resulting in the release of the
solubilized calcium into the liquid phase with the progress of the digestion [40]. The fast
release of calcium from the curds of the homo–past and homo–heat sheep milks could be
attributed to the faster diffusion of the acid (SGF) into the curds because of their fractured
and looser structure (Figure 2). In comparison, the lower rate of calcium release from the
curds of the raw and pasteurized sheep milks was due to the formation of an integrated
curd surface barrier (Figure 2) that probably impeded the flowing SGF.

These results suggest that the release of the curd contents (protein, fat, and calcium)
was markedly dependent on the structure of the curds. The curd formed from the raw
and pasteurized sheep milks was more integrated and firmer, which may have impeded
the diffusion of the SGF and pepsin into the curds, resulting in a slower breakdown of
the curd structure and a slower release of the curd contents. In contrast, the looser and
crumbled structures of the curds of the homo–past and homo–heat sheep milks were easily
deformed by the physical forces of gastric contraction, leading to a faster release from the
curds. These results are in line with previous results on cow milk reported by Ye et al. [18],
who showed that the homogenization of cow milk followed by heat treatment made the
structure of the curds more open, leading to rapid loss of total solids and rapid release of
fat from the curds during gastric digestion. The faster release of calcium and fat from curds
of homogenized sheep milk may lead to faster fat digestion and thus enhance uptake of
calcium and fat in the small intestine.
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Figure 5. Changes in (A) the protein content of the dried curds and (B) the fat content of the dried curds, (C) the relationship
between the amounts of fat and protein in the curds, and (D) the calcium content of the dried curds at different time
points (20–240 min) during the in vitro gastric digestion of differently processed sheep milks: •, raw milk; �, pasteurized
(Past) milk; N, homogenized and pasteurized (Homo–past) milk; H, homogenized and heated (Homo–heat) milk. Different
lowercase letters indicate significant difference (p < 0.05). Error bars represent standard deviations.

3.5. SDS-PAGE Protein Patterns of Curds

The protein hydrolysis by pepsin in the curds was determined using tricine SDS-PAGE
(Figure 6A). The amount of each individual protein in the curds is shown in Figure 6B.
The κ-casein (κ-CN) band disappeared and 2 new bands at ~23 kDa (macropeptides) and
14 kDa (para-κ-CN) appeared in all samples. Interestingly, unlike the α-lactalbumin (α-La)
band, which disappeared in all curd samples, a band corresponding to β-lactoglobulin
(β-Lg) was observed throughout the digestion in all types of sheep milk. At 20 min,
the amounts of β-Lg in the curds were raw (~0.26 g) < pasteurized (~0.31 g) < homo–
past (~0.4 g) < homo–heat (~1.03 g) (Figure 6B), indicating that greater heat treatment
incorporated more β-Lg into the curds. The small amount of whey proteins observed in
the curds of the raw, pasteurized, and homo–past milk samples could have been caused
by the entrapment of whey proteins during the formation of the curds; they could be
expelled from the curds and hydrolyzed gradually as the digestion progressed [17,36]. The
markedly higher β-Lg content observed in the curd formed from the homo–heat milk was
due to the higher level of denatured whey proteins associated with the casein micelles and
the MFGM proteins [12,15].

The changes in the intensities of all intact protein bands, including αs-CN, β-CN,
and β-Lg, showed marked differences among the sheep milk samples. The intensities of
these intact protein bands decreased slowly in the unhomogenized milks with increasing
digestion time, but faded away much faster in the homogenized milks (Figure 6A). Bands
corresponding to peptides were detected in all milk samples after 60 min of digestion, with
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the homogenized milks having more intense peptide bands than the unhomogenized milks.
This indicates that the homogenization of sheep milk followed by heat processing led to a
greater digestibility of proteins during gastric digestion. Faster degradation of proteins
has been shown to be caused by the looser and crumbly structure of curds, which allows
pepsin to diffuse into the curds rapidly and to hydrolyze the proteins [19]. These findings
further support the faster breakdown of the curds and the release of fat and calcium from
the curds in the homogenized and heated sheep milk because of the faster hydrolysis of
proteins by pepsin, as observed earlier (Figures 4 and 5).
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(Homo–heat) sheep milks. The numbers (20, 60, 120, 180, 240) refer to different gastric emptying
times (min). Initial refers to before digestion. The protein concentration in each sample for the tricine
SDS-PAGE was 1 mg/mL.

3.6. Protein and Fat Contents of Emptied Digesta

The protein contents of the digesta emptied from the stomach at different digestion
times from the different milk samples are shown in Figure 7A. The protein contents of
the unhomogenized milks decreased gradually during 120 min of digestion, after which
they remained roughly constant at ~0.41% for raw milk and ~0.69% for pasteurized milk
towards the end of the digestion. However, the homo–past and homo–heat sheep milks
showed the opposite trend, with the protein contents of the digesta initially increasing in
the first 120 min of digestion, with little change on prolonged digestion. At digestion times
of longer than 120 min, the protein contents of the digesta of the homo–past and homo–heat
sheep milks were significantly higher than those of the raw and pasteurized milks (p < 0.05).
The fat contents of the digesta are shown in Figure 7B. Those in the raw and pasteurized
sheep milks decreased slightly during the first 120 min of digestion and then stayed almost
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unchanged on prolonged digestion, whereas the homo–past and homo–heat sheep milks
showed an increasing trend over the whole digestion.

The changes in the protein contents of the digesta were in reasonable agreement with
the release of protein from the curds (Figure 5). The rapid release of protein from the curds
of the homo–past and homo–heat sheep milks (Figure 5) resulted in higher protein contents
in the gastric chyme, thus leading to increased protein contents in the emptied digesta. In
contrast, the slowly digested protein in the curds of the raw and pasteurized sheep milks
could have resulted in lower levels of protein in the emptied digesta because of the dilution
caused by the continuous addition of SGF. For the fat content, the trends were similar
for the curds (Figure 5B) and the digesta (Figure 7B), which showed that the fat content
increased throughout the digestion progress in the homo–past and homo–heat sheep milks,
whereas it changed little in the raw and pasteurized sheep milks. The continuous increases
in the fat contents of the emptied digesta for the homo–past and homo–heat sheep milks
may have been caused by the phase separation between the water and oil phases in the
stomach. Mulet-Cabero et al. [4] found that the fat content at the end of digestion was
generally higher in homogenized milk than in unhomogenized milk, as a cream layer
formed at longer digestion times. Thus, the cream layer could remain in the stomach until
the end of digestion, resulting in increases in the fat contents of both the curds and the
digesta of the homo–past and homo–heat sheep milks at longer digestion times.
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Figure 7. (A) Protein and (B) fat contents in the digesta emptied at different time points (0–240 min) during the in vitro gastric
digestion of differently processed sheep milks: •, raw milk; �, pasteurized (Past) milk; N, homogenized and pasteurized
(Homo–past) milk; H, homogenized and heated (Homo–heat) milk. Different lowercase letters indicate significant difference
(p < 0.05). Error bars represent standard deviations.

3.7. SDS-PAGE Protein Patterns of Digesta

Figure 8A shows the protein patterns of the digesta obtained from the differently
processed sheep milks. Faint intact casein bands were present at 20 min of digestion
but disappeared after 60 min of digestion in the raw, pasteurized, and homo–past sheep
milk samples, and bands corresponding to peptides (between 2 and 10 kDa) appeared
concomitantly. This finding is consistent with previous studies, which reported that the
casein bands in the digesta could be due to the delivery of very fine casein particles to
the digesta when the curd lost its mass, and that increasing amounts of peptides were
evacuated from the stomach because of hydrolysis of the caseins [17,19,41]. In contrast, the
homo–heat milk samples showed more conspicuous intact casein bands in the digesta, the
intensities of which were significantly higher than for the raw, pasteurized, and homo–past
milk samples (p < 0.01) (Figure 8B). The difference can be attributed to the looser and
crumblier structure of the curds formed from the homo–heat milk, leading to the delivery
of crumbly particles (containing mostly caseins) smaller than 1 mm to the small intestine.

Differences were also found for the bands at ~14, 18, and 23 kDa, which correspond to
α-La, β-Lg, and macropeptides, respectively. Within the first 120 min of digestion, there
were low intensities of these bands (especially β-Lg) in the homo–heat sheep milk, whereas
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markedly higher intensities of these bands were observed in the other three types of sheep
milk (Figure 8A). About 0.32, 0.34, 0.28, and 0.08 g of β-Lg were detected in the digesta
obtained at 20 min for the raw, pasteurized, homo–past, and homo–heat milks, respectively
(Figure 8B). The lower β-Lg content in the digesta of the homo–heat milk was attributed to
the higher amounts of β-Lg that were incorporated in the curds (Figure 6) because of their
association with the casein micelles after more intense heat treatment [42]. The β-Lg and
α-La bands in all types of milk faded away gradually during the digestion and disappeared
in the digesta emptied at 240 and 120 min, respectively, which is in agreement with the
previous findings of Roy et al. [17]. The decreased intensities of the β-Lg and α-La bands
could have been due to the dilution by the continuous addition of SGF and the hydrolysis
by pepsin when the pH was less than 4 [43].

These results suggested that, in the raw, pasteurized, and homo–past sheep milks, the
protein emptied from the stomach was composed mainly of whey proteins in the early
stages of digestion and consisted mainly of peptides at longer digestion times because of
the digestion of protein by pepsin. In comparison, the protein in the homo–heat sheep milk
was digested faster, leading to a predominant content of peptides in the digesta from the
beginning of digestion.
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Figure 8. (A) Reducing tricine SDS-PAGE patterns and (B) protein contents of the digesta obtained
from raw, pasteurized (Past), homogenized and pasteurized (Homo–past), and homogenized and
heated (Homo–heat) sheep milks. The numbers (20, 60, 120, 180, 240) refer to different gastric
emptying times (min). Initial refers to before digestion. The protein concentration in each sample for
tricine SDS-PAGE was 1 mg/mL.

3.8. Microstructure of Digesta

The microstructures of the fat and protein in the digesta were observed using confocal
microscopy (Figure 9). There were large amounts of fat globules in the digesta of the
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raw and pasteurized sheep milks throughout the gastric digestion; the fat globule size
appeared to remain unchanged during the first 120 min of gastric digestion but increased
slightly at 240 min of gastric digestion. This is consistent with the previous report of Roy
et al. [17], who also found that there were a few larger fat globules in the digesta of raw and
pasteurized sheep milks at 90–240 min, which was caused by their coalescence after the
MFGM proteins had been hydrolyzed by pepsin. Small-sized fat globules were found in the
digesta of the homo–past and homo–heat sheep milks at 60 min of digestion, accompanied
by some protein/peptide particles. There was an increasing number of protein/peptide
particles with various sizes in the digesta of the homo–past and homo–heat sheep milks
when the gastric digestion time was extended beyond 120 min. Interestingly, the small
fat globules were still well embedded in the protein/peptide particles in the digesta of
the homo–past and homo–heat sheep milks at digestion times of longer than 120 min.
In agreement with the present results, a previous study demonstrated that the peptides
resulting from the hydrolysis of protein by pepsin formed a new surface layer on the fat
globules, which was unable to create strong interfacial layers with sufficient electrostatic
repulsion and steric barriers, thus resulting in flocculation of fat globules via protein–
peptide or peptide–peptide interactions [34]. Moreover, no individual fat globules were
observed in the digesta of the homo–past and homo–heat sheep milks at digestion times
longer than 120 min, suggesting that all fat globules had been incorporated into the
protein/peptide particles. However, the incorporation of fat globules into protein/peptide
particles may change the density of the particles, leading to the creaming of the less
dense particles. This may support the occurrence of phase separation in the stomach, as
mentioned earlier.
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4. Conclusions

This study demonstrated the effect of heat treatment and homogenization on the
dynamic in vitro gastric digestion of sheep milk. All milk samples formed structured
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curds in the stomach. The curds formed from the homogenized milks had a much looser
and fractured structure than those formed from the unhomogenized milks because of the
inclusion of smaller fat globules into the curd; the homogenization of sheep milk followed
by heating at 90 ◦C for 5 min resulted in crumblier curds compared with homogenization
coupled with pasteurization because of the incorporation of more whey proteins into
the curd. The differently structured curds led to different rates of disintegration of the
curds and of protein hydrolysis by pepsin, and thus impacted the gastric emptying rate.
The relative rates of fat release from the curds to the emptied digesta were dependent on
whether or not the sheep milk was homogenized. The release of protein, fat, and calcium
from the curds occurred at much faster rates in the homogenized sheep milks than in the
unhomogenized sheep milks, leading to higher fat and protein contents in the emptied
digesta of the homogenized sheep milks. Flocculation of the fat globules was observed in
the digesta of the homogenized sheep milks, and most of the fat globules were incorporated
into the protein/peptide particles. These findings in the present study suggest that raw and
pasteurized sheep milk could give persistent satiety because of its longer gastric emptying
time, which could be suitable for the overweight population. In contrast, the homogenized
and intensely heated sheep milk would be beneficial for elderly individuals and athletes
by enhancing muscle building because of its fast protein digestion.
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Abstract: Despite its nutritional properties, buttermilk (BM) is still poorly valorized due to its high
phospholipid (PL) concentration, impairing its techno-functional performance in dairy products.
Therefore, the objective of this study was to investigate the impact of ultra-high-pressure homog-
enization (UHPH) on the techno-functional properties of BM in set and stirred yogurts. BM and
skimmed milk (SM) were pretreated by conventional homogenization (15 MPa), high-pressure ho-
mogenization (HPH) (150 MPa), and UHPH (300 MPa) prior to yogurt production. Polyacrylamide
gel electrophoresis (PAGE) analysis showed that UHPH promoted the formation of large covalently
linked aggregates in BM. A more particulate gel microstructure was observed for set SM, while
BM gels were finer and more homogeneous. These differences affected the water holding capacity
(WHC), which was higher for BM, while a decrease in WHC was observed for SM yogurts with an
increase in homogenization pressure. In stirred yogurts, the apparent viscosity was significantly
higher for SM, and the pretreatment of BM with UHPH further reduced its viscosity. Overall, our
results showed that UHPH could be used for modulating BM and SM yogurt texture properties. The
use of UHPH on BM has great potential for lower-viscosity dairy applications (e.g., ready-to-drink
yogurts) to deliver its health-promoting properties.

Keywords: buttermilk; yogurt; MFGM; ultra-high-pressure homogenization

1. Introduction

Buttermilk (BM), which is the serum phase generated during the production of butter,
is produced in approximately equal parts as butter [1]. The Canadian dairy industry
produced 118,235 metric tons of butter in 2020 [2], leading to an estimated equal volume
of BM, while global BM production has been estimated at about 3.2 million tons per an-
num [3]. Despite the large quantities produced every year, BM is still undervalued. Indeed,
BM is mainly used in animal feeds, for its emulsifying capacity or for providing a milk
flavor in various food applications [4,5]. As with skim milk (SM), BM is composed of
the main milk solids-not-fat, namely caseins (CNs), whey proteins (WPs), lactose, and
minerals [6]. The main difference between SM and BM is the phospholipid (PL) con-
tent, which, in BM, is up to ten times higher than in SM [7] and four times higher than
in raw milk [8]. PLs are part of a very specific structure found in dairy products, the
milk fat globule membrane (MFGM) [9], which is released into BM during the churning
of cream into butter. The unique composition of PLs in MFGM (phosphatidylcholine-
PC, phosphatidylethanolamine-PE, phosphatidylserine-PS, phosphatidylinositol-PI, and
sphingomyelin-SM), along with the MFGM proteins, is responsible for its various health
benefits [10–12]. For example, daily dietary supplementation with BM led to a decrease
in concentration of total and LDL cholesterol in moderately hypercholesterolemic men
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and women [10]. Furthermore, sphingomyelin-fortified milk was found to have a positive
influence on infants’ gut microbiota and neurocognitive development [13].

Despite its nutritional and biological properties, compared to SM, BM possesses lim-
ited technological properties in dairy applications due to its high PL content [4,14,15]. Thus,
the incorporation of BM into dairy matrices, such as yogurt, presents different techno-
logical challenges, such as a decrease in firmness [16] and lower apparent viscosity [17],
which impacts the quality of the final product. Nevertheless, the incorporation of very
small amounts of BM or BM powder (BMP) into yogurt matrices produced interesting
results, with a reported decrease in whey separation and syneresis [18], and an increase in
water-holding capacity (WHC) [16]. Contradictory impacts on firmness have been reported,
which could be due to the various sources and quantities of BM used [16,19]. Thus, the use
of mechanical treatment to improve BM’s functional properties and facilitate its incorpo-
ration into various dairy matrices is of high interest in order to provide the benefits of its
health-promoting activities. In yogurt production, conventional homogenization using
pressures between 20 and 60 MPa [20] has already been shown to affect yogurt properties.
As a matter of fact, it stabilizes emulsions and decreases the creaming phenomenon of
milk [21] by reducing the size of fat globules and simultaneously increasing their surface
area [22]. This leads to lipids being denser and more homogeneously dispersed throughout
the liquid, resulting in an improved viscosity and WHC of yogurt [23]. The fat globules
from heated homogenized milk are known to interact with the proteins in the acid gel
network as active filler particles [24]. However, Ji et al. (2011) reported that the extent of
interaction of the fat globules with the protein network depends on their size and, therefore,
the homogenization pressure [25]. They showed that milk recombined at low homogeniza-
tion pressures resulted in larger fat globules with less active interaction with the network,
while milk treated at higher pressures resulted in smaller globules more tightly bound to
the protein network. Similarly, high-pressure homogenization (HPH) (between 150 and
200 MPa) produced even smaller fat globules with increased surface area [20] and, thus, im-
proved properties within the yogurt matrix. A few studies have also reported that the size
of homogenized fat globules affects their incorporation in the protein network, especially
at higher homogenization pressures and when using microfluidization [25–27]. Recently,
with the development of high-pressure intensifiers and valve materials (stainless steel,
ceramic, and seals) resistant to extremely high homogenization, pressures up to 400 MPa
can be reached [20,28,29]. This process is known as ultra-high-pressure homogenization
(UHPH), which ranges from 200 to 400 MPa. Applied to whole milk, it causes fat globule
reduction to submicron sizes. However, above that pressure, fat globules form clusters
through the aggregation of CN and WP at their surface [30], which induces higher WHC
and changes in the gel firmness [23,31]. In addition, some authors have reported decreases
in CN micelle sizes from 5% to 33% in the UHPH range [21,32,33].

Given the interesting results from the application of UHPH for yogurt production
from SM, as well as the high nutritional quality of BM, there is much interest in the use
of UHPH for the production of BM yogurt. Hence, the aim of this study was to examine
the impact of UHPH as a pre-treatment for the production of yogurts from BM compared
to those produced from SM. In this paper, set and stirred yogurts were produced and
characterized using different homogenization treatments (15, 150, and 300 MPa). This
new approach of using UHPH for improving BM use in yogurt is of great interest for BM
valorization through the production of a potentially highly functional product enriched in
MFGM health-promoting components.

2. Materials and Methods
2.1. Materials

Whole raw milk and raw cream were provided by a local supplier (Quebec City, QC,
Canada) and skim milk powder (SMP) was obtained from Agropur (Quebec City, QC,
Canada). The thermophilic yogurt culture YC-X11 Yo-Flex® (Chr. Hansen A/S, Hørsholm,
Denmark) was composed of Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
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Bulgaricus. Analytical-grade sodium hydroxide for the preparation of 0.1 M of NaOH
was obtained from Fisher Chemical (Ottawa, ON, Canada). Mini-PROTEAN TGX Stain-
Free Gels (12%, 15-well comb, 15 µL), 2× Laemmli sample buffer, native sample buffer,
Precision Plus ProteinTM All Blue Standards, 10× Tris/glycine/sodium dodecyl sulfate
(SDS) buffer, and 10× Tris/glycine buffer were all obtained from BioRad (Hercules, CA,
USA). 2-Mercaptoethanol was provided by Sigma-Aldrich (St. Louis, MO, USA). Methanol
was obtained from Fisher Chemical (Ottawa, ON, Canada) and glacial acetic acid from
Anachemia (Radnor, PA, USA). Fast Green FCF and Nile Red were obtained from Sigma-
Aldrich (Oakville, ON, Canada).

2.2. Production of BM and SM Yogurts

The production steps of BM yogurts and SM yogurts (control) are presented in Figure 1.
Briefly, raw cream and whole raw milk were pasteurized (Chalinox/Hydro-Québec CFI-25,
QC, Canada) at 85 ◦C for 30 s and 72 ◦C for 15 s, respectively. Both pasteurized cream
and pasteurized milk were matured overnight at 10 ◦C. Then, to obtain BM, the matured
pasteurized cream was churned at 75 rpm at approximately 12 ◦C using a pilot plant-
scale butter churn with a capacity of 8–15 L (Qualtech Equipment, QC, Canada). The
pasteurized BM and whole milk were heated for 10 min to 40 ◦C and cream was separated
using a cream separator (Westfalia LWA-205-DeLaval, Lund, Sweden). Skimmed BM and
SM (approximately 10% total solids) were enriched with 30 g of SMP per liter, to reach
a solid content of approximately 12% (±0.25%) and achieve a similar yogurt firmness
as commercial yogurts. The final composition of BM and SM (Table 1) was determined
with a LactoScope FTIR milk analyzer (Delta Instruments, Drachten, The Netherlands).
Pasteurized BM and SM were aliquoted into 3 batches of 2 L. Each batch was used for one
homogenization parameter of 15 MPa, 150 MPa, and 300 MPa using a UHPH system (Nano
Debee Model 45-4, Bee International, South Easton, MA, USA).

Table 1. Composition of the standardized buttermilk (BM) and skimmed milk (SM) mix used for
yogurt production.

Buttermilk Skimmed Milk

Total solids (%) 11.88 ± 0.03 * 11.89 ± 0.11
Lipids (%) 0.59 ± 0.07 0.13 ± 0.05

Proteins (%) 4.28 ± 0.06 4.51± 0.08
Lactose (%) 6.26 ± 0.05 6.49 ± 0.11

* Mean values (n = 4) ± standard deviation.

After UHPH treatment, BM and SM were heated at 85 ◦C on a stove for 15 min (tem-
perature rise time of approximately 10 min), with continuous stirring, and then cooled on
ice to 42 ◦C. Starter cultures (YC-X11 Yo-Flex®) were added according to the manufacturer’s
directions [34]. Briefly, 0.05 g of the frozen culture was added to 2 L of treated BM or SM,
stirred for several minutes until complete dissolution, and subsampled for further analysis.
All samples were incubated at 42 ◦C to reach a pH of 4.6 (approximately 6 h for BM yogurts
and 8 h for SM yogurts) and were then stored at 4 ◦C overnight. For set yogurt, incubation
took place in 100 mL plastic containers and 50 mL tubes, and yogurts were stored at 4 ◦C
until further analysis. Stirred yogurts were produced by manual stirring with a metal
spoon (30 times clockwise and 30 times anticlockwise) to break down the gel. The six
stirred yogurts (3 pressure levels-15, 150, and 300 MPa, and 2 sources-BM and SM) were
stored at 4 ◦C until further analysis.
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Figure 1. Experimental design of the production of set and stirred yogurts from buttermilk (BM) and
skimmed milk (SM) treated by ultra-high-pressure homogenization (UHPH).

2.3. Protein Profiles of Homogenized BM and SM

The protein profiles of all fluid BM and SM samples after homogenization treatment
were determined by native polyacrylamide gel electrophoresis (PAGE) and SDS-PAGE
under nonreducing conditions. In addition, SM and BM controls were prepared with
samples treated at 15 MPa, under reducing conditions (50 µL of 2-mercaptoethanol and
950 µL of Laemmli buffer). All samples were diluted in distilled water (1:9), and 25 µL
of each dilution was mixed with 25 µL of their respective sample buffer. Solutions were
then loaded onto precast 12% acrylamide gels in a Mini PROTEAN® Tetra Cell (BioRad,
Hercules, CA, USA). Precision Plus Protein™ All Blue Standards with molecular weights
ranging from 10 to 250 kDa were used as the molecular weight marker. The electrophoresis
was conducted at a constant voltage of 120 V for 1 h. The gels were then stained with
Coomassie blue solution (BioRad, Hercules, CA, USA) for 1 h, followed by de-staining
with a mixture of methanol, acetic acid, and distilled water (1:1:8) overnight. The gels
were scanned the next day using a ChemiDoc™ MP imaging system (Bio-Rad, Hercules,
CA, USA).
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2.4. Physico-Chemical Characteristics of Set and Stirred Yogurts

Physico-chemical characterization of set and stirred yogurts was performed using the
following analysis and was repeated after storage at 4 ◦C on days 1, 8, 15, and 22 after
yogurt production.

2.4.1. pH

The pH of set and stirred yogurts was measured using a pH meter (Orion Star T910,
Thermo Fisher Scientific, Waltham, MA, USA) calibrated with standardized buffer solutions
(pH 4.0 and 7.0).

2.4.2. Firmness

The firmness of set yogurts was assessed according to Le et al. (2011) with slight
modifications [16]. A penetration test was carried out on set yogurts at 4 ◦C using a
texturometer (TA.XT2, Texture Technologies, New York, NY, USA). A 25 mm-diameter
cylindrical probe was used at a constant rate of 1 mm/s for a distance of 40 mm. The
maximum force recorded in real-time represents the firmness (N).

2.4.3. Water-Holding Capacity

The WHC of set yogurts was measured on days 1, 8, 15, and 22 after yogurt production
according to Le et al. (2011) [16]. Samples were centrifuged (IEC Centra CL2 centrifuge,
Thermo Fisher Scientific Inc., Milford, MA, USA) at 1200× g for 15 min at 4 ◦C. The top
layer (whey) was removed and weighed, and the WHC was calculated according to the
following equation.

WHC (%) =

[
(sample weight (g)− expelled whey(g))

sample weight (g)

]
× 100 (1)

2.4.4. Confocal Laser Scanning Microscopy

The microstructure of set and stirred yogurts was investigated using confocal
laser scanning microscopy (CLSM) based on the methods of Lucey et al. (1998) and
Zhao et al. (2016) with some adaptations [24,35]. Following milk inoculation, milks were
incubated at 42 ◦C for 1 h. A volume of 960 µL of BM or SM was then mixed with 20 µL of
1% Fast Green (proteins) and 20 µL of 2% Nile Red (PLs). After a 15 min waiting period with
intermittent stirring, 3 mL of BM or SM was added and thoroughly mixed. Mixtures were
poured into a 35 mm culture dish with a 15 mm glass bottom and placed in the incubator for
fermentation (approximately 9 h). Stirred yogurts were produced by manual stirring with
a metal spoon. Imaging was performed using a STELLARIS5 confocal microscope (LEICA,
Mannheim, Germany) equipped with an HC PL APO CS 40×/0.853 NA air objective. The
sample was mounted in a MatTek coverslip bottom 35 mm culture dish with a 14 mm
glass diameter (MatTek life science, Ashland, MA, USA) and excited with lasers at 552 nm
and 638 nm, separately, for Nile red and Fast Green FCF, respectively. The emission was
acquired with a variable dichroic selecting wavelength over 540–600 nm for Nile red and
over 640–800 nm for Fast Green FCF.

2.4.5. Titratable Acidity

The titratable acidity of stirred yogurt was determined at 20 ◦C according to the AOAC
method 947.05 [36]. Samples were prepared by mixing 10 g of yogurt in 40 mL of distilled
water. Samples were continuously stirred and titrated using 0.1 M of NaOH to a pH of
8.3 using an automatic titrator (Orion Start T910, Thermo Fisher Scientific, Waltham, MA,
USA). The amount of titrant needed to reach pH 8.3 was noted, and the titratable acidity
(% lactic acid) was calculated according to the following equation.

Titrable acidity (% lactic acid) =
titrant (mL)

sample weight (g)
× 0.9 (2)
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2.4.6. Apparent Viscosity

A temperature-controlled rheometer (TA instruments, model ARES-G2, New Castle,
DE, USA) was used for the measurements of apparent viscosity of stirred yogurts at 10 ◦C,
according to Yu, Wang, and McCarthy (2016) with some adaptations [37]. The measuring
system consisted of a 40 mm, 0.04 radius cone and plate geometry. Shear rate sweep (1 to
120 s−1) and shear stress response tests were performed. Apparent viscosity was measured
at a shear rate of 50 s−1.

2.4.7. Drained Syneresis

Drained syneresis of the stirred yogurts was measured at 4 ◦C, according to
Hassan et al. (1996) with some modifications [38]. A mesh screen (Cell strainer, pluriSelect
USA, El Cajon, CA, USA) with a mesh size of 200 µm and a radius of 20 mm was used, and
mesh tension was released by running water through the mesh. The yogurt sample (4 g)
was poured on a mesh screen placed above a previously weighed empty centrifuge tube.
Samples were left for 2 h at 4 ◦C in order to collect the whey resulting from the syneresis.
The weight of the centrifuge tubes was measured after sample draining, and the drained
syneresis was calculated according to the following equation.

Drained synerisis =
drained whey (g)
sample weight (g)

× 100 (3)

2.5. Statistical Analysis

Four independent productions of yogurts (replicates) were performed with different
batches of raw cream and whole raw milk. Analyses were conducted for each replicate.
Data were processed using a multi-factor ANOVA and SAS software (SAS University
Edition) to compare BM and SM yogurt properties. Significant differences between pressure
treatments and storage time were evaluated with the Tukey test. Evaluations were based
on a significance level of p < 0.05.

3. Results and Discussion
3.1. Impact of UHPH Treatment on Protein Profiles of BM and SM

To study the impact of UHPH on BM and SM proteins, their profiles were analyzed
using native PAGE and nonreducing SDS-PAGE (Figure 2a,b). Different profiles were
observed for BM and SM samples for native PAGE (Figure 2a). UHPH treatment did not
have as large an impact on SM as it did on BM. Similar band patterns were observed for SM
between all the homogenization pressures tested, but more drastic changes were observed
for the BM samples. Indeed, an overall decrease was observed in the intensity of the BM
protein bands migrating within the gel as the homogenization pressure increased from
150 MPa to 300 MPa compared to the BM treated with a conventional homogenization
pressure (15 MPa). This decrease indicates that the main milk proteins underwent denatu-
ration and aggregation upon UHPH, the severity of which was dependent on the pressure
used. Concomitantly, a proportional increase in the intensities of the protein signals in the
loading wells was observed for the BM samples homogenized at 150 MPa and 300 MPa,
confirming that large protein aggregates formed during higher homogenization treatments.
The BM and SM samples were then analyzed by SDS-PAGE (Figure 2b) under nonreducing
(lanes 2–4 for SM and 6–8 for BM) and reducing conditions (lane 1 for SM and lane 5 for
BM) to determine the nature of these interactions. UHPH treatment of SM (lanes 2–4) did
not show any effects among the pressures tested (150 MPa and 300 MPa), as can be seen
from their similar profiles. The SM protein band intensities were similar for all pressure
treatments and were comparable to the samples under reducing conditions (lane 1), indi-
cating that a very low polymerization and aggregation of milk proteins occurred in SM
during UHPH. However, gel electrophoresis demonstrated an important impact of the
UHPH treatment on the protein aggregation in BM. First, bands corresponding to WP
(α-lactalbumin (α-LA) and β-lactoglobulin (β-LG)) decreased in intensity as the homoge-
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nization pressure increased. This result is in agreement with Lopez-Fandiño, Carrascosa,
and Olano (1996), who observed increasing denaturation and aggregation of WP, more
precisely β-LG, at pressures from 100 to 400 MPa [39]. A possible explanation for the
lower impact of UHPH on SM protein aggregation could be that SM underwent lower
pasteurization temperatures (72 ◦C/15 s) than those of the cream used for the production
of BM (85 ◦C/30 s). It is known that the pasteurization of cream induces important WP
denaturation and the formation of aggregates, especially for β-LG, through intermolecular
disulfide interactions with the CN and the MFGM proteins, the extent of which depends
on the severity of the thermal treatment [40]. Finally, bands corresponding to MFGM
proteins (visible on lane 5) are not detected in UHPH-treated BM samples (lanes 6–8). This
suggests strong covalent interactions between WPs, especially β-LG, CN micelles, and
MFGM proteins, which are also attributable to the increase in temperature during pressure
treatment [41]. These results indicate that more protein denaturation takes place in BM
than in SM due to BM’s higher MFGM content, and, as mentioned above, due to the higher
temperature applied during the pasteurization of cream in the production of BM. Thus,
the more severe pasteurization treatment for cream leads to more potential interactions
between MFGM fragments, notably through the MFGM proteins and WPs under thermal
treatment of cream, as observed by Morin et al. (2007) [42].

Figure 2. Acrylamide gels (12%) of skimmed milk (SM) and buttermilk (BM) following pressure
treatments ((a) native polyacrylamide gel electrophoresis (PAGE) pattern, and (b) sodium dodecyl
sulfate (SDS)-PAGE pattern under reducing (lanes 1 and 5) and nonreducing conditions). PAS
6/7 = periodic acid Schiff 6/7, MWM = molecular weight markers, 2-ME = 2-mercaptoethanol.

3.2. Impact of UHPH Treatment on Physico-Chemical Properties of Set BM and SM Yogurt

Figure 3 presents the physico-chemical and textural properties ((a) pH, (b) WHC, and
(c) firmness) of set yogurt as a function of dairy source (SM: plain line, and BM: stippled
line), pressure treatment (15, 150, and 300 MPa), and storage time (days 1, 8, 15, and 22).
The pH of set yogurt was not influenced by the dairy source or homogenization pressure
applied (Figure 3a). However, a significant decrease in pH was noticed during the storage
time. After storage at 4 ◦C, and regardless of the dairy source and pressure treatment, a
significant drop in pH was observed from 4.58 at day 1 to 4.42 at day 8, finally reaching
4.33 at day 22. This expected effect is attributed to fermentation of residual lactose by the
starter cultures [43].
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Figure 3. Evolution of physico-chemical properties ((a) pH, (b) water-holding capacity-WHC, and (c) firmness) for set
buttermilk (BM-stippled line) and skimmed milk (SM-plain line) yogurts as a function of time of storage (1, 8, 15, and
22 days) and pressure levels (15, 150, and 300 MPa).

The WHC of set yogurt indicates the ability of the yogurt gel structure to retain
water [44]. A low value for WHC is associated with an unstable yogurt gel network [45].
As observed in Figure 3b, the dairy source and pressure treatment applied highly influence
the WHC of set yogurt in an interactive way. BM yogurts had a higher WHC than SM
yogurts did regardless of the storage time and treatment, with an average of 97.26% for
BM in contrast to 92.14% for SM. These results agreed with the study of Le et al. (2011).
These authors observed increases in WHC of 7, 15, 21, and 31%, when they replaced 1, 2,
3, and 4% of the original total SM solids in their yogurt mix with equivalent amounts of
solids from a MFGM isolate, whereas substituting SM with BMP at the same ratios did not
impact the WHC [16]. However, other authors reported an increase in WHC when low-fat
yogurts (12% total solids) were enriched with 1% and 2% of BMP [19]. In our study, 8% of
the total 12% solids originated from BM solids. We also calculated that MFGM represented
approximately 0.37% of the 12% total solids of our yogurt mix (based on an average MFGM
extraction yield of 3.5 g of MFGM/L of BM using a common method [46], results not
shown). Overall, the higher WHC of BM yogurt can be explained by its composition, more
precisely, the PL content, which is higher in BM than in SM. Indeed, PLs show amphiphilic
characteristics, allowing increased retention of water [16,47], while simultaneously, milk
proteins have excellent WHCs [48]. Interactions between PLs and WPs or β-CN via
electrostatic and hydrophobic connections (Gallier et al., 2012), as well as interactions
between MFGM proteins and CNs or WPs via covalent disulfide bonds occurring during
pasteurization of the cream [42], might have contributed to a more compact gel with
reinforced interactions, increasing water retention within the yogurt gel for the BM-based
yogurt [19]. In addition, SM treated at 300 MPa exhibited the lowest WHC value, which
contrasts with previous studies that associated higher UHPH pressures to enhanced water
retention due to increased interactions between WPs, CNs, and lipids [31,44,49]. However,
these authors used whole milk rather than SM, and the homogenized fat globules are
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known to participate in increasing the strength of the gel network by participating as active
filler particles, increasing the WHC [50,51].

In order to complete the characterization of set yogurts, firmness, which represents
the gel network strength, was monitored through storage time. Statistical analysis showed
that even though pressure treatment and time of storage did not impact firmness, it was
significantly (p < 0.0001) influenced by the dairy source (BM or SM) used for yogurt
production (Figure 3c). BM yogurts had a lower firmness than SM yogurts did, with
average values of 70.34 N and 156.62 N, respectively (regardless of the time of storage
and pressure level). These results agree with those of Le et al. (2011) who found that SM
yogurts had a higher firmness than those fortified with 1, 2, 3, or 4% BMP [16]. However,
very recently, Zhao, Feng, and Mao (2020) observed a higher firmness in yogurts fortified
with 1–2% BMP than in a control SMP-yogurt [19], while 4% BMP yogurts had a lower
firmness. In fact, exceeding a certain BM concentration might have adverse effects on
the development of a stable yogurt gel, and it is assumed that PLs take more space and
interact with the proteins, thereby disrupting the gel network [52]. Despite the fact that
the pressure level did not significantly impact the firmness (p = 0.0901), we observed a
decreasing tendency for both BM and SM yogurts. This tendency is in contrast with the
results of yogurts obtained from milk treated between 100 and 300 MPa, which showed
increased firmness with increasing pressure [31,44,53,54]. Globally, these studies show that
while UHPH enhanced the interactions between WPs and CNs, in BM, the presence of
smaller fat globules embedded in the protein network led to a higher firmness.

The final physico-chemical property evaluated was microstructure. The microstructure
of set yogurts (SM and BM, each treated with 15, 150, and 300 MPa) was analyzed by
CLSM and is shown in Figure 4, where the green color refers to proteins, and red to PLs.
Overall, SM and BM yogurts exhibited different microstructures, which were impacted by
UHPH treatments. The set yogurts made from SM exhibited protein clusters of larger size
for all pressure treatments, whereas those made from BM had smaller protein particles,
homogeneously distributed. The main difference in yogurts at 15 MPa was the PL content,
which was, as expected, higher in BM than in SM. The few PLs present in SM seem to be of
larger size than in BM, which might be due to the destructive effect of butter churning on
the MFGM, resulting in smaller MFGM fragments in BM. In addition, PLs in BM yogurt
were widely distributed throughout the gel matrix at 15 MPa. Increasing the pressure from
15 MPa to 150 MPa and 300 MPa largely changed the SM yogurt microstructure. As a
matter of fact, we observed larger protein clusters forming large serum pores within the SM
yogurt gels. However, for BM yogurts at 150 MPa and 300 MPa, the gel structures had very
fine and continuous protein networks, which is supported by the decrease in particle size
distribution of UHPH BM (unpublished data). In addition, for those pressures, PLs seemed
to be distributed more heterogeneously and were bound to the protein network. The results
for BM’s gel microstructure are in line with a previous study, which reported a dense
structure with irregularly clustered protein aggregates for yogurt fortified with BMP due to
a high content of proteins interacting with MFGM components [47]. Especially at 300 MPa,
visible CN micelles can interact with MFGM fragments, trapping them within the yogurt
protein network upon coagulation and preventing them from forming a more stranded
gel [55]. These interactions between casein and MFGM would explain the lower firmness
and viscosity observed for BM yogurts compared to the particulate gel observed for SM
yogurts. The results of Le et al. (2011) support our observations of aggregated MFGM
fragments within a homogeneous finely particulate casein network in BM yogurts [16]. The
lower firmness observed for BM yogurts could be associated with the more homogeneous
and finer gel observed and the occurrence of MFGM fragments within the gel, as indicated
by Le et al. (2011) [16]. SM yogurts had stronger stranded networks, as can be seen from the
higher contrast between the serum (black) and CN (green) phases. These microstructural
changes in the protein gel network support the different physico-chemical and texture
properties observed for both BM and SM set yogurts. For example, these differences
could explain the enhanced WHC of BM yogurt as the homogeneously distributed PLs
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within the protein network increases water retention while reducing the firmness of the gel
network [16].

Figure 4. Confocal laser scanning microscopy (CLSM) images of set skimmed milk (SM) and
buttermilk (BM) yogurts with different pressure applications (15, 150, and 300 MPa). Red color
represents the phospholipids (PLs) labeled with Nile Red; green color represents the milk proteins
labeled with Fast Green FCF. Scale bar (10 µm).

3.3. Impact of UHPH Treatment on Physico-Chemical Properties of Stirred BM and SM Yogurt

Figure 5 represents the physico-chemical properties ((a) pH, (b) titratable acidity,
(c) apparent viscosity, and (d) drained syneresis) of stirred yogurt as a function of the dairy
source (BM and SM), homogenization pressure (15, 150, and 300 MPa), and storage time
(days 1, 8, 15, and 22). No significant differences were observed in the pH of stirred yogurts
(Figure 5a), between BM and SM dairy sources or between the different homogenization
pressures. These results agree with those of Serra et al. (2008) who treated whole milk with
pressures of 200 and 300 MPa prior to yogurt production [49]. In addition, an expected
decrease in pH was observed upon storage at 4 ◦C, regardless of the source and pressure
treatment. Indeed, the pH value decreased significantly (p < 0.0001) from 4.48 on day 1
to an average of 4.31 for days 8, 15, and 22. The drop in pH within the first week of
yogurt storage agrees with results from a previous study by Moschopoulou et al. (2018),
who noticed a drop in pH from day 1 (around pH 4.45) to day 7 (around pH 4.2) in semi-
skimmed cow milk yogurt [43]. This decrease in pH was attributed to the residual lactose
fermentation. However, Yildiz and Bakirci (2019) did not observe differences in pH in their
BM- and WP-enriched yogurts with increasing storage time [17]. This can be explained
by the presence of components such as WP, which are known to have great buffering
capacity [56].

Interestingly, titratable acidity (Figure 5b), which is defined as the total acid concentra-
tion in a sample, was not impacted by storage time or pressure treatment. However, this
property was influenced by the dairy source used for yogurt production. The titratable
acidity of BM yogurt was significantly lower than that of SM yogurt (p = 0.0002), with
averages of 1.01% and 1.06%, respectively. In contrast, another study, in which buffalo SM
was replaced with 25, 50, 75, and 100% BM (fortified with 3% SMP), reported lower values
for titratable acidity for the control SM yogurt (0.92%) compared to yogurt fortified with
BM [18]. The authors demonstrated that a replacement with 100 and 75% BM (titratable
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acidity of 0.97%) led to even higher values for titratable acidity than 50% (0.95%) or 25%
(0.93%). These differences between our study and the literature could be due to a slightly
(however nonsignificant) higher protein content in SM yogurts (4.51%) compared to BM
(4.28%), which might have induced the higher buffering capacity of SM, as observed by
Trachoo and Mistry (1998) [57]. Indeed, the addition of ultrafiltered BM increased the
protein content and, therefore, the buffering capacity followed by the titratable acidity of
low-fat yogurt (titratable acidity: 1.39%) compared to the use of BMP (1.29%) [57].

Figure 5. Evolution of physico-chemical properties ((a) pH, (b) titratable acidity, (c) apparent viscosity, and (d) drained
syneresis) for stirred buttermilk (BM stippled line) and skimmed milk (SM. plain line) yogurts as a function of storage time
(1, 8, 15, and 22 days) and pressure levels (15, 150, and 300 MPa).

The pressure, storage time, and dairy source parameters studied had different impacts
on the physical properties of stirred yogurt. The apparent viscosity (Figure 5c) of stirred yo-
gurts was affected by an interaction between pressure treatment and dairy source; however,
no further differences were detected throughout the time of storage. This nonsignificance
of the storage time contrasts with prior studies. Yildiz and Bakirci (2019), for example,
observed irregular changes in apparent viscosity with storage time [17]. The interaction
between homogenization pressure and dairy source was found to be significant (p = 0.015)
with higher values for SM (0.94 Pa·s) than BM (0.63 Pa·s), whereas for SM yogurt, the ap-
parent viscosity did not change with pressure; a slight but constant decrease was observed
for BM yogurt from 15 MPa to 300 MPa. The higher values for SM compared to BM are in
line with Yildiz and Bakirci (2019), who measured a lower viscosity for yogurts fortified
with 2% BMP (+1% SMP) compared to those fortified with 3% SMP [17]. Recently, in
contrast to our observations, Zhao, Feng, and Mao (2020) found that the viscosity of low-fat
SMP-yogurt depends on the level of BMP fortification (0.5–4.0%) [19]. They found that
viscosity increased significantly (up to ~60%) as the level of BMP incorporation increased to
2.0%, whereas the addition of 4% BMP resulted in a loss in viscosity (~13%). This suggests
that the higher BM component content contributed to lowering yogurt viscosity, as ob-
served in our study where BM was mainly used for yogurt manufacture. While the slightly
higher protein content of the SM yogurt mix (Table 1) could have influenced the rheological
properties of yogurts [58,59], the impact of BM addition seems to be related to increases
in the amount of MFGM constituents. Studies have shown that while the fortification of
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small amounts of BMP (1–2%) increases viscosity, probably due to the emulsifying [48]
and amphiphilic [47] properties of PLs and proteins, using higher amounts of BMP (4%)
decreases viscosity [19]. The reinforced interactions between MFGM proteins and CNs
or WPs via noncovalent or disulfide bonds [60], as well as interactions between PLs and
WPs or β-CN, mainly via hydrophobic and electrostatic links (Gallier, 2012), probably
contribute to the beneficial effect of MFGM fortification on physico-chemical yogurt prop-
erties, at least until a critical BMP concentration is reached. Consistent with our study,
Le et al. (2011) concluded that BM supplementation contributes to the lower firmness of
low-fat yogurts compared to the controls (12% SMP), which they also explained was due to
the higher concentration of PLs from BMP [16]. Treatment of whole milk with UHPH has
also been reported to induce interactions between denatured WP, lipids, and water, as well
as interactions between CNs or between CNs and lipids, which enhances viscosity [61,62].

Finally, drained syneresis of the stirred yogurt was measured throughout the time
of storage (Figure 5d). Drained syneresis measures the serum released due to shrinkage
of the yogurt gel network [17], which is related to a textural defect of yogurts [63]. In our
study, no difference was observed on the drained syneresis, regardless of the dairy source,
pressure level, and storage time, with an average of 22.09 g of whey released. Our results
are in contrast with those of Yildiz and Bakirci (2019) who found lower drained syneresis
for control (3% SMP) yogurts compared to BMP-enriched yogurt [17].

Just as for set yogurts, the microstructure of stirred yogurts (SM and BM, each treated
with 15, 150, and 300 MPa) was also studied using CLSM (Figure 6). Again, different
microstructures were observed for stirred SM and BM yogurts subjected to different
pressure treatments. For SM yogurts, changes within the microstructure with increasing
pressure seem to be less distinct than for BM yogurts. At all three pressures, PLs were evenly
distributed throughout the gel. However, at 150 MPa, more serum pores of larger size
were observed than at 15 and 300 MPa. In addition, SM yogurts pretreated with 300 MPa
had a more homogeneous gel with smaller protein particles than those pretreated with
15 MPa. In BM yogurts, however, more PLs were present in the gel, which exhibited finer
and more homogeneously distributed protein aggregates, the difference being particularly
visible at 300 MPa. At 15 MPa, BM gels contained large serum phases, which lessened with
increasing pressure. Indeed, at 300 MPa, serum phases were virtually absent, whereas SM
yogurt still exhibited larger serum pores at 300 MPa. A very fine gel with small protein
particles was observed for BM 300 MPa. Further, PL particles were bound to protein
particles and were of smaller size compared to those in gels treated with 15 and 150 MPa.
This might be due to the effect of pressure-induced particle size reduction on proteins
and PLs, as previously explained. The higher apparent viscosity of SM over BM stirred
yogurts can probably be traced back to the stronger gel network of SM compared to BM
set yogurts. For BM yogurts, the decrease in apparent viscosity with increasing pressure
could be attributed to the wider distribution of smaller PLs at 150 and 300 MPa, possibly
impacting protein gel strength in a way that decreases apparent viscosity. As observed for
set yogurts, the interaction between PLs and the protein network at higher pressures (150
and 300 MPa), combined with the more denatured and aggregated protein in BM, might
have impaired the formation of a stable gel [55].
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Figure 6. Confocal laser scanning microscopy (CLSM) images of stirred skimmed milk (SM) and
buttermilk (BM) yogurts with different pressure applications (15, 150, and 300 MPa). The red color
represents the phospholipids (PLs) labeled with Nile Red; the green color represents the milk proteins
labeled with Fast Green FCF. Scale bar (10 µm).

4. Conclusions

This work studied the impact of UHPH on BM to improve its techno-functionality for
incorporation into yogurt applications. The results showed that UHPH treatment more
drastically impacted BM proteins, which underwent more denaturation and aggregation
than SM proteins did, thus impacting the physico-chemical and textural properties of the
set and stirred yogurts produced from BM and SM. In addition, the gel microstructure
was influenced by the UHPH-treatment and depended on the dairy source. Indeed, at
the highest pressure (300 MPa), set SM yogurts presented large protein clusters with large
serum pores, while set BM yogurts produced finer and more homogeneously distributed
protein particles that interacted with PL and correlated with lower firmness. This work
represents the first step in understanding the impact of UHPH on BM for the production of
yogurt. It can support the development of new technology for the valorization of BM in
order to take advantage of the beneficial effects of MFGM components on human health.
Future research could focus on enriching BM with cream prior to UHPH treatment to
produce a full-fat yogurt and investigating the impact of lipids on UHPH-treated yogurt
properties. It could also focus on the interaction effect between lipids and proteins by
studying their impact on the gel network and yogurt microstructure.
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Abstract: Determining minimum levels of fat and sucrose needed for the sensory acceptance of
sponge cake while increasing the nutritional quality was the main objective of this study. Sponge
cakes with 0, 25, 50 and 75% sucrose replacement (SR) using a combination of inulin and Rebaudioside
A (Reb A) were prepared. Sensory acceptance testing (SAT) was carried out on samples. Following
experimental results, four more samples were prepared where fat was replaced sequentially (0,
25, 50 and 75%) in sucrose-replaced sponge cakes using pureed butter beans (Pbb) as a replacer.
Fat-replaced samples were investigated using sensory (hedonic and intensity) and physicochemical
analysis. Texture liking and overall acceptability (OA) were the only hedonic sensory parameters
significantly affected after a 50% SR in sponge cake (p < 0.05). A 25% SR had no significant impact
on any hedonic sensory properties and samples were just as accepted as the control sucrose sample.
A 30% SR was chosen for further experiments. After a 50% fat replacement (FR), no significant
differences were found between 30% sucrose-replaced sponge cake samples in relation to all sensory
(hedonic and intensity) parameters investigated. Flavour and aroma intensity attributes such as
buttery and sweet and, subsequently, liking and OA of samples were negatively affected after a 75%
FR (p < 0.05). Instrumental texture properties (hardness and chewiness (N)) did not discriminate
between samples with increasing levels of FR using Pbb. Moisture content increased significantly
with FR (p < 0.05). A simultaneous reduction in fat (42%) and sucrose was achieved (28%) in sponge
cake samples without negatively affecting OA. Optimised samples contained significantly more
dietary fibre (p < 0.05).

Keywords: inulin; sugar reduction; sucrose replacement; fat reduction; Rebaudioside A; sponge cake;
butter beans; sensory; physicochemical properties; bakery

1. Introduction

Sponge cake, which starts as a fluid batter, is classified by its solid porous structure
after baking. It is prepared using four main ingredients, namely, eggs, sugar, wheat flour
and fat, which are responsible for multiple functions in the batter and during baking. The
presence of fat and sugar in food products yields positive hedonic responses which may
override metabolic responses such as satiety [1].

According to WHO (World Health Organization) guidelines (2011), adults and children
should consume only 10% of calories taken from sugars in their daily diet, which is about
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10–14 teaspoons of sugar. In Ireland, this number achieved 14.6%, which is 31.5% higher
than the recommended dosage [2]. This contributes to dietary imbalances associated with
overweight and obesity and consequently the prevalence of non-communicable diseases [3].
As cakes contribute greatly to the dietary intake of sugar and fat in developed countries [4,5],
it is necessary to find ways to reduce/replace sugar and fat in these products.

Before we consider sucrose and fat replacement/reduction strategies, we must first
understand the functions performed by these ingredients in cakes. Sucrose is the most
common sugar used in baking [6]. Sucrose is responsible for the tenderisation of cakes
by competing with gluten for available water during batter mixing, thus impeding on the
formation of a strong gluten network [7]. During baking, sucrose increases the temperature
of starch gelatinisation and protein denaturation by binding water and therefore limiting
water availability to starch granules [8]. In doing so, sucrose increases the volume and bulk
of the final product. The most commonly known function of sucrose is that it provides
sweetness to cakes and also acts a flavour enhancer [6]. In relation to the function of fats, fat
entraps air in the batter during the creaming step which provides a structure for leavening
gases [7]. Thus, fat also affects the volume and bulk of the final product. Fat tenderises and
adds lubricity to the texture of cakes by coating the protein and starch particles, thereby
interfering with the protein matrix [9]. Fat also emulsifies liquid in cake production which
adds further moisture and softness to the product [10]. Fat sources such as butter contribute
to flavour and can act as a flavour enhancer [10].

Thus, as sugar and fat perform many key functions in cakes, it is difficult to reduce
and replace these ingredients without affecting the physical quality and important sensory
attributes associated with liking and overall acceptability.

Several authors have studied the impact of sucrose replacement (SR) using a variety
of different replacers such as polyols, fibres and artificial intense sweeteners on the overall
quality of cakes [11]. Fibres such as inulin are of particular interest for use as sugar replacers
as they possess prebiotic properties [12]. Inulin (Figure 1) is a plant-derived storage
polysaccharide which is predominantly produced by chicory roots on a commercial basis.
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Roberfroid [13] reported that fructans such as inulin may have positive effects regard-
ing colon cancer prevention. Furthermore, the incorporation of dietary fibre into foods is
now considered as a principal prevention strategy against the risk of non-communicable
disease [14]. Fibres such as inulin provide the bulk properties (texture and volume) by
binding water [15] and therefore competing with gluten proteins for available water and
delaying starch gelatinisation. Inulin contains 25–35% of the energy of digestible carbo-
hydrates and its sweetness level is 10% that of sucrose [12]. Cakes containing 30% sugar
replacement (SR) with inulin were shown to be similar to control sugar samples with re-
gard to bubble size distribution and physical and sensory properties in a study conducted
by [16]. As mentioned, inulin has a low sweetness value relative to that of sucrose, and
therefore it is necessary to combine inulin with an intense sweetener. In a study conducted
by Struck et al. (2016) [11,17], a 30% SR in muffins with inulin and Rebaudioside A (Reb A)
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produced cakes with a similar descriptive sensory profile to reference muffins. Reb A is
a steviol glycoside (Figure 2) whose sweetness is 300 times greater in comparison with a
sucrose [18,19]. Reb A represents white odorless crystals. Steviol glycosides such as Reb A
were approved by the European Union for use in foods and are considered natural intense
sweeteners [20]. These sweeteners are a special class of intense sweeteners as they are
considered natural unlike most other intense sweeteners [20] because they are produced
from Stevia leaves [21].
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Therefore, the present study investigated the impact of a sequential SR (0, 25, 50
and 75) using a combination of inulin and Reb A on the sensory acceptance of sponge
cake to determine the minimum levels of sucrose needed in the formulation to maintain
sensory acceptance.

In relation to the reduction in/replacement of fat in cake products, three main classes
of fat substitutes exist, namely, carbohydrate-based, protein-based and fat-based [22].
Carbohydrates are used as fat substitutes as they are similar to triglycerides in relation
to physical and chemical structure [23] and they bind water and therefore contribute
to texture and mouthfeel. In a study conducted using three commercial carbohydrate-
based fat replacers derived from pectin, gums and oat bran, moisture content increased
significantly in biscuits with a fat substitution [23]. Legumes such as beans are also used as
fat replacers as beans are a source of complex carbohydrates roughly containing up to 60%
total carbohydrates. Legumes are low glycaemic and high in protein and fibre and their
consumption has been associated with a decreased risk of coronary heart disease [24]. In a
study conducted on brownies, pureed black beans successfully replaced fat in relation to
sensory acceptance at a level of 30% replacement [25]. Furthermore, this study reported
that a 90% substitution of fat with black beans still produced an acceptable product. In
a study conducted on oatmeal cookies, white beans were successful in replacing fat up
to a level of 25% without significantly affecting sensory properties [26]. Cannellini beans
have been used to successfully replace fat in brownies by up to 50% without affecting OA,
texture and flavour properties [27].

For the above reasons, the present study utilised pureed butter beans (Pbb) for the
sequential replacement of fat (0, 25, 50 and 75%) in reduced sugar sponge cake. Determining
minimum levels of both sugar and fat needed to maintain sensory acceptance is imperative
and could be a significant development in reducing the dietary intake of both fat and sugar.

Thus, the main aim of this work was, firstly, to determine the minimum levels of
sucrose needed in sponge cake to maintain sensory acceptance similar to that of the control
sucrose formulation. This was determined through sensory acceptance testing (SAT).
Secondly, and following experimental results, the aim was to determine the minimum
levels of fat needed to maintain sensory properties associated with liking and OA of
reduced sugar sponge cake. This was determined by SAT and optimised descriptive
profiling (ODP). Other characteristics such as texture, colour and compositional properties
were studied for cakes during sequential FR of sucrose-replaced sponge cake.
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2. Materials and Methods

Food ingredients used in this trial included free-range eggs (Upton brand, Ireland);
caster sugar (99.9% sucrose, 0.3% moisture and 0.01% sodium, Tate & Lyle brand, UK);
cream plain flour (82.7% carbohydrate, 2% of which were sugars, 11.7% protein, 3.4%
fibre, 1.4% fat and 0.81% salt, Odlums brand, Ireland); Irish creamery butter (81% total fat,
65.4% of which were saturated and 15.1% moisture, Dunnes stores brand, Ireland); inulin
(89% fibre and 8% sugar, Bioglan brand, Australia); Reb A, (Bulk Powders brand, Ireland);
butter beans (16.8% carbohydrate, 1.4% of which were sugars, 0.6% fats 0.1% of which
were saturated, 5.2% fibre, 0.01% sodium and 0.03% salt, Suma brand, UK); baking powder
(3% sodium, Royal brand, US); and whole milk (4.7% carbohydrate, 4.7% of which were
sugars, 3.5% fat, 2.3% of which were saturated, 3.4% protein and 0.1% salt, Dunnes stores
brand, UK). All food products were obtained from a local supermarket and stored under
refrigerated or cool, dry conditions prior to sample preparation.

2.1. Reb A Concentration Adjustment

Optimised descriptive profiling (ODP) was used to determine the concentration of Reb
A needed to replace the sweetness concentration of sucrose, ensuring iso-sweetness. These
intensity tests were carried out twice using 21 assessors. Concentration adjustments for
Reb A were carried out according to the method of [28–31] using the same concentrations
of stevia (0.06–0.16 g/L) and 24 g/L sucrose. In order to compare the means of the obtained
date, one-way ANOVA was used. Tukey’s post hoc test was used to adjust for multiple
comparisons between treatment means using SPSS statistics 20 software (IBM, Armonk,
NY, USA).

2.2. Sponge Cake Treatments

The formulation used for the preparation of the control sponge cake treatment was
based on conversations had with local bakeries, cookbook recipes and associated websites.
Three separate batches of sponge cake for all experimental treatments (8) were formulated
and manufactured using recipes outlined in Table 1.

Table 1. Formulation of different sponge cake treatments.

%

Samples Sucrose Inulin Reb A Butter Pureed Butter Beans Flour Milk Baking Powder Eggs

Sucrose replacement

SC0/0 26.1 0 0 18.6 0 26.1 1.7 0.7 26.8
SC25/0 19.55 6.49 0.02 18.6 0 26.1 1.7 0.7 26.8
SC50/0 13.04 13.0 0.04 18.6 0 26.1 1.7 0.7 26.8
SC75/0 6.51 19.49 0.06 18.6 0 26.1 1.7 0.7 26.8

Fat replacement

SC30/0 18.23 7.82 0.02 18.6 0 26.1 1.7 0.7 26.8
SC30/25 18.23 7.82 0.02 13.96 4.7 26.1 1.7 0.7 26.8
SC30/50 18.23 7.82 0.02 9.3 9.3 26.1 1.7 0.7 26.8
SC30/75 18.23 7.82 0.02 4.7 13.96 26.1 1.7 0.7 26.8

SC; sponge cake, the first digit represents the sucrose replacement level and the second digit represents the fat replacement level of samples.

During the first phase of this trial, a control treatment with 0% SR was prepared.
Sucrose was replaced by increments of 25% using a combination of inulin and Reb A (0,
25, 50 and 75%). Thus, 4 treatments were formulated during the first phase of this study
and samples were identified as follows; SC0/0, SC25/0, SC50/0 and SC75/0. The most
accepted sample was chosen from sensory acceptance testing and used for further analysis
in determining the minimum levels of fat needed to maintain sensory properties associated
with liking and OA of sugar-replaced sponge cake. Thus, four more formulations were
prepared where fat was replaced sequentially by increments of 25% using pureed butter
beans. The samples were identified as follows; SC30/0, SC30/25, SC30/50 and SC30/75,
where the first digit denotes the SR replacement level and the second digit represents the
FR level.

182



Foods 2021, 10, 254

2.3. Sponge Cake Preparation

Butter was creamed in an electronic mixer (Kitchen Aid Professional mixer) and sugar
was added gradually until soft and light in colour, at speed 2–3 for 4 min. Eggs (average
and similar in size, without weighing) were added one at a time and beaten well between
each addition at speed 2 for approximately 1 min, for each egg. Flour and baking powder
were sifted in to the mixture and were mixed together at minimum speed for 2 min, before
milk was added. For SR, inulin and stevia were added to the mixture during the creaming
stage in partial replacement of sucrose. For FR, butter beans were firstly drained and then
pureed in a Stephan mixer (UMC-5 Stephan u. Sohner & Co, Hameln, Germany) at 21 RPM
for 5 min before being used in partial replacement of butter. Batter was poured into circular
baking tins (9 inch) and cooked in a Zanussi convection oven (C. Batassi, Conegliano, Italy)
for 30 min at 180 ◦C. After cooking, sponge cakes were left for 20 min in the tin. Then,
cakes were placed on a rack to cool down to room temperature and were placed inside
plastic storage containers before testing.

2.4. Sensory Analysis
2.4.1. Sensory Acceptance Testing (SAT)

SAT was carried out in the sensory science laboratory at University College Cork
according to ISO 11136:2014 [32]. Using 25 untrained assessors (n = 25) who were all
familiar with the products being tested, SAT took place over six separate sessions as three
independent trials were carried out for both phases of this study (FR and SR). A three-digit
random code was used to assign the samples (20 × 20 × 20 mm). Sensory sessions were
carried out at room temperature under white light. Participants were instructed to use the
water provided to cleanse their palates between tastings and used the following hedonic
descriptors to rate their degree of liking of sponge cake samples: appearance, flavour,
texture, colour and aroma liking. Assessors were asked to indicate their degree of liking
for samples on a 9-point, numbers-only hedonic scale. Words were only used to anchor the
scale at both ends with the term “extremely dislike” on the far-left end of the scale and the
term “extremely like” on the far-right-hand side of the scale. Overall acceptability (OA) of
samples was also determined using this scale. The 150 responses were collected for each
sample (25 + 25+ 25 × 2) in three independent trials for each phase, using 25 untrained
assessors (samples were presented in duplicate). The statistical analysis method is shown
in Section 2.7.

2.4.2. Optimised Descriptive Profiling (ODP)

Optimised descriptive profiling [30–32] was also carried out in the special sensory
science laboratory of University College Cork. A separate panel of 21 assessors (n = 21)
who were all regular consumers of sponge cake and who had all received prior training
in descriptive analysis were trained and participated in this separate ODP test. In order
to prevent the carry-over effect and first order, these assessors were served all samples
randomly [33]. ODP only took place on samples during the second phase of this study after
an accepted minimum level of sucrose content was determined by SAT. Thus, ODP sessions
ran concurrently with SAT sessions during fat optimisation and therefore took place over
three weeks. Sensory descriptors were selected from the panel discussion as the most
appropriate and reflected the main variation in the samples profiled. The consensus list of
intensity descriptors (Table 2) was measured on a 10 cm continuous line scale. The term
“none” was used as the anchor point for the 0 cm end of the scale and the term “extreme”
was used as the anchor point for the 10 cm end of the scale, unless stated otherwise in
Table 2. The samples (20 × 20 × 20 mm) were served coded and presented simultaneously
to assessors [34]. All samples were measured on the same scale for each intensity descriptor
and presented in replicate. The statistical analysis method is shown in Section 2.7.
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Table 2. Consensus list of sensory descriptors and definitions selected by panel and used in ranking
descriptive analysis of sponge cake.

Attributes Anchor Points on Scale Definition

Springiness None–extreme
Rate⁄speed by visual observation that the

sponge cake returns to its original shape after
the deforming force is removed

Appearance

Crust darkness Light–dark Degree of colour darkness ranging from light
brown to dark brown

Porous None–extreme Amount of bubbles and voids present in the
inner mass of the sponge cake

Aroma

Sweet aroma None–extreme Fundamental smell sensation of which
sucrose is typical

Buttery aroma None–extreme Aromatics associated with butter produced
from cow’s milk

Caramel aroma None–extreme Odour produced when caramelising sugar
without burning it

Texture
Moisture Dry–moist Wet texture in mouth

Hardness Soft–hard The resistance of the cake to breaking upon
pressure of the front teeth during biting

Crumbly None–extreme Easily broken up in the mouth into a lot of
little pieces

Dense Light–heavy A heavy texture in mouth

Taste
Sweet taste None–extreme Taste sensation associated with sucrose

Buttery flavour None–extreme Flavour sensation associated with butter;
creamy mouthfeel and buttery aroma

2.5. Physicochemical Analysis

Physicochemical properties were determined for the following samples: SC0/0,
SC30/0, SC30/25, SC30/50 and SC30/75.

2.5.1. Texture Profile Analysis (TPA)

Two sponge cake samples (30 × 30 mm) were obtained from the centre of each cake
and used for texture analysis. Thus, results obtained for TPA on the Texture Analyser
16 TA-XT2I (Stable Micro Systems, Surrey, UK) represent a mean of 6 values (3 × 2 = 6).
Sponge cake samples were sliced horizontally to a height of 30 mm. A double compression
test for 50% was used for TPA with use of a 35 mm (in diameter) flat-ended cylindrical
probe (P/35), at a speed of 1 mm/s with a 5 s time between the two cycles. This was
carried out in accordance with the method of [35]. The test was carried out in triplicate for
all treatments.

2.5.2. Colour

Two sponge cake samples (30 × 30 mm) from the centre of each cake were used for
colour analysis. The CIE L*a*b* method was used for crust and crumb colour measurement.
A Minolta CR-200B Chroma Meter (Minolta Camera Co. Ltd., Osaka, Japan) was used
for L* (lightness), a* (green-red) and b* (blue-yellow) colour components measurement.
Colour parameters were measured at two separate points directly from the top of each
individual sponge cake sample. For this, the sponge cake samples were horizontally cut to
remove the crust, and crumb colour was measured directly at two separate points. As two
measurements for crust and crumb colour were taken for each individual sample and two
samples were tested for each individual trial, of which there were three, crust and crumb
colour values represent a mean of twelve measurements (2 × 2 × 3).
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2.5.3. Moisture and Fat

Moisture and fat were detected according to Bostian et al. [36]. Two samples
(30 × 30 mm) from each cake treatment were used for moisture and fat determination.
As three independent trials were carried out, results obtained for moisture and fat represent
a mean of 6 values (3 × 2 = 6). The Büchi Mixer B-400 (Büchi Labortechnik AG, Switzer-
land) was used in order to homogenise for compositional analysis. Moisture content was
detected on the CEM SMART system and fat content was detected on the SMART Trac
system (CEM GmbH, kamp-Lintfort, Germany). Two fibreglass pads were placed in the
drying chamber of the CEM SMART system and their weight was tared. The pads were
removed and the homogenised samples (2–4 g) were weighed accurately on the pads using
separate weighing scales. Following this, one pad was placed over the sample, pressed
together and placed back into the drying chamber to begin drying. The moisture (%) was
displayed within a few minutes. A sheet of Smart Trac film was used to determine a percent
of fats by wrapping the fibreglass pads with the sample. After wrapping, the samples were
placed in a tube of the Smart Trac system and positioned in the Smart Trac NMR unit. After
about 5 min, the percentage of fat was determined.

2.5.4. Protein

Results obtained from protein analysis represent a mean of 6 values (3 × 2 = 6). Protein
content (%) was determined using the Kjeldahl method which was carried out according
to [37]. Before testing commenced, the digestion block (Foss Tecator Digestor, Hillerød,
Denmark) was pre-heated to 410 ◦C. Samples (0.5–2.0 g) were weighed accurately into
digestion tubes. Two “kjeltabs” were added to each sample in the fume hood followed by
15 mL of sulphuric acid and 10 mL hydrogen peroxide. Two controls containing no sample
were prepared in the same way. Tubes were placed in the heated digestion block and left
there for roughly 30–40 min until they became colourless. At this point, the distillation
unit was turned on and rinsed out by connecting a blank tube and receiver flask to the unit
and pressing the steam button. Distilled water (50 mL) was added to each digested sample
in the fume hood after the samples had cooled thoroughly. Samples were placed one by
one into the distillation unit (Foss Kjeltec 2100, Hillerød, Denmark) along with a receiver
flask containing 50 mL of 4% boric acid with an indicator. After the distillation process was
complete, the contents of the receiver flask were titrated with 0.1 N hydrochloric acid until
the green colour reverted back to the original red colour. Nitrogen content was converted
to protein content using the factor 6.25.

2.5.5. Ash

Results obtained represent a mean of 6 values (3 × 2 = 6). A muffle furnace was used
for ash content (%) detection. Homogenised samples (5 g) were weighed into small silica
dishes and placed into the muffle furnace. The samples were heated up to 600 ◦C until only
the inorganic material was left which was indicated by the light-white colour of the samples.
The silica dishes containing the samples were then placed in a desiccator to cool and the
dishes were weighed carefully. Ash (%) was calculated using the following equation:

% Ash = weight of Ash × 100 weight of sample (1)

2.5.6. Carbohydrate

Carbohydrate (%) content was determined using the following calculation:

% Carbohydrate = 100 − (Moisture% + Fat% + Protein% + Ash%) (2)

2.5.7. Dietary Fibre

Total dietary fibre was established according to the AOAC 985.29 method [38]. Sponge
cake samples went through sequential enzymatic digestion using heat-stable α-amylase
(95–100 ◦C, pH 6.0, 15 min), Subtilisin A (60 ◦C, pH 7.5, 30 min) and amyloglucosidase
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(60 ◦C, pH 4.5, 30 min) to remove digestible carbohydrates and protein. To establish total
dietary fibre content, the enzyme digests were precipitated with four volumes of 95% (v/v)
ethanol, filtered and then washed with 78% (v/v) ethanol and acetone before being dried in
an oven at 110 ◦C.

2.5.8. Total Sugars and Sucrose Content

Total sugars and sucrose content of samples was determined by ion chromatography,
using a method developed internally by an independent accredited laboratory based
in Ireland.

2.6. Sponge Cake Images

Photographs of the following sponge cake samples: SC0/0, SC30/0, SC30/25, SC30/50
and SC30/75, were taken one day after baking in the photograph room of the Food Science
Building, University College Cork. Photographs were taken using a digital camera, Nikon
D5300, equipped with a lens, Nikon DX AF-P NIKKON (18–55 mm, 1:3.5−5.6 G), Japan.
Images were taken without flash with the following modes: macro, F6.3, 1/125, ISO 400.
After images were taken, sharpness was increased to 100% and the saturation was adjusted
for all images.

2.7. Statistical Analysis

Raw data obtained from sensory and physicochemical analysis were coded in Mi-
crosoft Excel. For sucrose optimisation, the significance of hedonic sensory properties in
discriminating between the samples was analysed using ANOVA and Tukey’s post hoc
test (SPSS statistics 20 software (IBM, Armonk, NY, USA). The relationship between the
set of samples (4) and the set of hedonic sensory variables was determined by partial least
squares (PLS) regression using Unscrambler software (Unscrambler 10.3 CAMO software
ASA, Trondheim, Norway). In the PLS regression, only hedonic sensory properties that
discriminated significantly between samples were used. The X-matrix was defined as the
different sample treatments. The Y-matrix contained the significant sensory variables of the
design. For fat optimisation, the relationship between the set of sample treatments (X) and
the set of sensory (hedonic and intensity) and physicochemical variables (Y) was examined
by PLS regression. Again, only sensory and physicochemical properties that discriminated
significantly between samples (4) were used. Both the sensory and physicochemical data
were normalised during pre-processing by taking the logarithm to achieve uniform pre-
cision over the whole range of variation. Data were also standardised by dividing each
variable (sensory and physicochemical) by its standard deviation. This process was neces-
sary as the units of the studied variables were different. To achieve significant results for
the relationships determined in quantitative PLS regression analysis, coefficients were anal-
ysed by jack-knifing which was based on custom cross-validation and stability plots [39].
Statistical significance for the relationships analysed by PLS was defined as p < 0.05–0.01
(significant), p < 0.01–0.001 (highly significant) and p < 0.001 (extremely significant).

TPA and proximate composition data were presented as a mean of six values ± stan-
dard deviation. Estimated fibre and sucrose contents were presented as a mean of three
values ± standard deviation. Colour (crust and crumb) data were presented as a mean of
twelve values ± standard deviation. One-way ANOVA was used to compare the means of
the data obtained from physicochemical analysis. Tukey’s post hoc test was used to adjust
for multiple comparisons between treatment means using SPSS statistics 20 software (IBM,
Armonk, NY, USA).

3. Results and Discussion
3.1. Reb A for Sucrose Replacement

The sweetness rankings of six different concentrations of Reb A and one standard
solution of sucrose are presented in Table 3.
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Table 3. Iso-sweetness of Rebaudioside A in aqueous solutions.

Sweetener Concentration (g/L) Mean Scores Dilution Factor

Reb A 0.060 1.2 a 400
Reb A 0.069 5.4 b 350
Reb A 0.080 6.2 c 300
Reb A 0.096 6.3 c 250
Reb A 0.120 7.4 d 200
Reb A 0.160 9.4 d 150

Sucrose 24.0 5.6 b n/a
abcd mean values (±standard deviation) in the same column bearing different superscripts are significantly
different, p < 0.05. n/a: Only Reb A solution was deluted. Sucrose was used in solid state.

The Reb A solution containing 0.069 g/L did not obtain significantly different scores
from the standard sucrose solution with regard to sweetness intensity. For this reason, a
sucrose-to-Reb A ratio of 1:350 was chosen. This means that for samples containing 25%
SR, which equates to a reduction of 58.3 g sucrose in the formulation, 0.17 g of Reb A was
used to replace the sweetness (58.3/350). The same method was applied to samples with
50 and 75% SR. Inulin was added on a weight by weight basis.

3.2. Sensory Analysis
3.2.1. Sensory Acceptance of Sucrose-Replaced Cakes

The relationship between hedonic sensory variables (Y) and sponge cake samples
prepared with increasing levels of SR (X) is visually represented by a partial least squares
regression plot (PLSR) shown in (Figure 3).
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Most of the variation is shown in Factor-1, where 33% of the data in X explain 56%
of the Y data. The SC0/0 sample which is situated in the outer circle of the lower right
quadrant made a significant contribution to Factor-1. This sample was highly correlated
with all liking parameters (aroma, appearance, colour, texture and flavour) and OA. The
SC25/0 sample, which is positioned in the outer circle of the upper right quadrant, was
also positively associated with all liking terms and OA. The SC75/0 sample, which is
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situated in the outer circle of the upper left quadrant, was negatively correlated with all
liking parameters and OA. The SC/50 sample, which is positioned in the outer circle of
the bottom left quadrant, made a significant contribution to Factor-2 and was slightly
negatively correlated with liking terms and OA. It is evident from the plot that all liking
parameters were correlated as shown by their proximity to each other, particularly so for
texture liking and OA. To aid further understanding of the relationship between sensory
terms and sponge cake samples, the significance of the estimated regression coefficients for
the relationship between these two sets of variables can be seen in Table 4.

Table 4. Significance of estimated regression coefficients (ANOVA values) for the relationship of hedonic sensory parameters
(Y) and sponge cake samples prepared with increasing levels of sucrose replacement (X).

Hedonics

Aroma Liking Appearance Liking Colour Liking Texture Liking Flavour Liking Overall Acceptability

SC0/0 0.57 0.68 0.56 0.57 0.68 0.56

SC25/0 0.55 0.84 0.56 0.57 0.76 0.66

SC50/0 0.57 0.84 0.57 −0.04 * 0.83 −0.03 *

SC75/0 −0.05 −0.03 * −0.04 * −0.01 ** −0.03 * −0.02 *

Significance of regression coefficients * = p ≤ 0.05, ** = p ≤ 0.01, (−) indicates whether the relationship is negatively correlated.

Resembling results which are visually represented in the PLSR plot, the SC75/0
sample was significantly negatively associated with aroma, colour, flavour liking and OA
(p < 0.05) and significantly negatively associated with texture liking (p < 0.01). Although it
was evident from the PLS plot (Figure 3) that a 50% replacement of sucrose with inulin and
Reb A was unsuccessful in terms of liking, the negative response was only significant for
texture (p < 0.01) and subsequently OA (p < 0.05) (Table 4). In a study conducted on orange
cakes, the addition of inulin negatively affected texture liking, whereas flavour liking and
aroma liking were not affected [40]. In a study conducted by [17], muffins containing 30%
SR with inulin and Reb A did not differ from the reference sample with regard to aromatics,
browning, cracks on crust or buttery and sweet flavour. Texture liking was important to
the acceptability of samples in this study; therefore, low texture liking scores were a good
predictor for the rejection of samples. The liking of aroma, appearance, colour and flavour
was not significantly affected by up to a level of 50% SR (Table 4). As samples containing
25% SR were so similar to the reference sample in this study and because a 30% replacement
was achieved by [17] without significantly affecting important sensory attributes, an SR
level of 30% was chosen for further experiments to determine the minimum levels of fat
needed to maintain sensory properties associated with the liking and OA of samples.

3.2.2. Sensory and Physicochemical Properties of Reduced Sucrose Cakes with Increasing
Levels of FR

The second part of this study involved the sequential replacement of fat in 30% sucrose-
replaced sponge Cake with Pbb. The relationship between sensory and physicochemical
variables (Y) and sucrose-replaced sponge cake prepared with 0, 25, 50 and 75% FR with
Pbb (X) is visually represented by a PLSR plot in Figure 4.

The following hedonic sensory terms were left out of PLSR analysis because they did
not significantly discriminate between samples: appearance, colour and texture liking. The
following intensity sensory terms were omitted for the same reason: porous appearance,
crumbly texture and dense texture. The following physical parameters and compositional
properties were also left out of PLSR analysis for the same reason: hardness, gumminess
and chewiness (N), springiness (mm) and cohesiveness, crumb a* and b* values and ash,
carbohydrate, total sugars and sucrose content. Most of the variation in the plot is shown in
Factor-1, where 33% of the X data explain 51% of the data in Y. The SC30/0 sample, which
is shown in the outer circle of the lower right quadrant, makes a significant contribution
to Factor-1. It is evident that the SC30/0 sample was positively associated with aroma
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and flavour liking and OA which can also be seen on the right-hand side of the plot. The
following intensity sensory terms were correlated with liking parameters and OA and
can be seen in close proximity with these hedonic parameters on the right-hand side of
the plot: sweet, buttery and caramel aroma, sweet taste, butter flavour, crust and crumb
darkness, moist texture, springiness and fat content (%). These intensity sensory terms
can be considered as positive sensory variables associated with liking and OA. Actual fat
content (%) was a big predictor of acceptability as it can be seen in very close proximity with
aroma and flavour liking and OA. The SC30/75 sample, which is positioned in the outer
circle of the lower left quadrant, was highly negatively correlated with liking parameters
(aroma and flavour), OA and all sensory properties associated with liking and OA, situated
on the right-hand side of the plot. This sample was correlated with intensity sensory terms
and physicochemical variables situated on the left-hand side of the plot (perceived texture
hardness, crust lightness, redness and yellowness and actual moisture, protein and fibre
content (%)). These parameters were therefore negatively correlated with liking parameters
and OA.
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Figure 4. Partial least squares regression (PLSR) plot for the relationship between reduced sugar sponge cake (30%) prepared
with increasing levels of fat replacement: 0, 25, 50 and 75%, sensory and physicochemical variables, hedonic and intensity
sensory terms and physicochemical parameters.

The significance of the estimated regression coefficients for the relationship between
samples and sensory and physicochemical parameters can be seen in Table S1 (Supple-
mentary Materials). After custom cross-validation of PLSR analysis, the sample containing
75% replacement of fat with Pbb (SC30/75) was the only sample significantly negatively
associated with aroma and flavour liking (p < 0.05) and significantly negatively associated
with OA (p < 0.01). Pureed butter beans were therefore successful in terms of acceptance
and liking in the replacement of fat in sucrose-replaced sponge cake up to a level of 50%.
Similar results were reported by [27], who found that significant differences existed only
when 75% of shortening was replaced with pureed cannellini beans in brownies.

The SC30/75 sample was significantly negatively associated with all intensity at-
tributes associated with liking (p < 0.05), particularly sweet taste and butter flavour (p < 0.01)
(Table S1, Supplementary Materials). A reduction in perceived butter flavour was expected
at this level of butter replacement with Pbb and similar results on FR in biscuits have been
reported by Laguna et al. [41]. The combined effect of fat and sugar on sensory acceptability
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has been demonstrated previously by Biguzzi et al. [42], who found that perceived sweet-
ness intensity declined with fat reduction in biscuits. Therefore, it is not surprising that
sweetness intensity was significantly affected at a level of 75% FR in this study. A reduction
in aroma attributes such as butter, caramel and sweet is also not surprising. Butter aroma is
stronger than the neutral aroma of butter beans, and a reduction in perceived butter aroma
may have had a carry-over effect on caramel and sweet aroma perception, considering
the synergistic relationship between sugar and butter in cake products. The decrease in
perceived moist texture was also expected at this level of FR as fats have a lubricating effect
and produce a sensation of moistness in the mouth [43]. Contradictory to sensory results
obtained for moist texture perception, the SC30/75 sample was significantly positively
(p < 0.05) associated with actual moisture content (%) (Table S1). The difference in results
obtained for actual moisture content (%) and sensory results obtained for moist texture
perception (Figure 3) highlights the importance of fat/butter content to the perception of
moist texture, lubricity and, subsequently, acceptance. The moisture content of samples
will be discussed in further detail in Section 3.4.

As mentioned, results obtained for texture profile analysis (TPA) did not discriminate
between samples and so these parameters were omitted from the PLS plot. TPA results
will be discussed in further detail in Section 3.3. Sensory results obtained for perceived
sample hardness, however, did discriminate between samples and the SC30/75 sample
was significantly associated with this intensity attribute (p < 0.05). Perceived hard texture
was negatively correlated with positive sensory properties and liking parameters; however,
it was not negatively correlated with texture liking as liking of texture did not discriminate
between any samples. As texture liking did not discriminate between samples, it can be
said that perceived sample hardness was not a determinate for the lower acceptance scores
obtained by the SC75/75 sample.

Crust lightness (L*), which is positioned on the left-hand side of the plot (Figure 3),
was significantly positively associated with the SC30/75 sample (p < 0.05) (Table S1). This
sample was significantly negatively associated with the sensory terms crust darkness and
crumb darkness (Table S1), which were highly correlated with one another (Figure 3).
Crust darkness and crumb darkness were intensity attributes most associated with samples
containing low levels of FR (Figure 3). Confortiv et al. [20] also reported an increase in
lightness of biscuit samples with FR using carbohydrate-based fat replacers. Samples
containing 75% FR were also more yellow in colour than any other samples (p < 0.05)
(Table S1). Instrumental results obtained for colour will be discussed in further detail
in Section 3.3. Although perceived colour intensity and instrumental colour parameters
discriminated between samples, as mentioned, liking of colour and appearance did not
discriminate and, as a result, these liking parameters were omitted from the PLS plot.
This finding suggests that in addition to textural parameters, colour parameters were not
extremely important to the OA of samples. Contradictory to our findings on colour liking,
in a study conducted on oatmeal cookies, samples containing higher levels of FR (50 and
75) with white beans were significantly different to samples containing 0 and 25% FR with
regard to colour liking [27].

As flavour liking and aroma liking were the only hedonic parameters that significantly
discriminated between samples, flavour (butter, sweet) and aroma (butter, sweet and
caramel) intensity attributes were, therefore, determinants of OA. Although a dryer and
harder texture was associated with samples containing 75% FR (Table S1, Supplementary
Data), these textural parameters were not found to significantly affect the texture liking of
samples. Samples containing this level of FR were perceived as lighter and more yellow in
colour, which was supported by instrumental analysis.

However, colour or appearance liking did not significantly discriminate between
sample treatments. These findings demonstrate that Pbb were successful in replacing fat in
terms of colour and texture liking but were unsuccessful in terms of flavour and aroma
liking up to a level of 75% replacement in 30% sucrose-replaced sponge cake. Hence, aroma
liking and flavour liking were determinants of OA.
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No significant differences were found in relation to any intensity sensory attributes or
hedonic parameters up to a level of 50% FR in sucrose-replaced sponge cake. Thus, flavour
liking and aroma liking and, subsequently, OA were unaffected by this level of FR.

3.3. Physical Properties and Images of Sponge Cake Samples

Mean values from physical analysis on the following samples of sponge cake are
displayed in Table 5: SC0/0, SC30/0, SC30/25, SC30/50 and SC30/75. Cross-section
images of sponge cake samples are depicted in Figure 5.

Table 5. Physical properties of sponge cake samples.

SC0/0 SC30/0 SC30/25 SC30/50 SC30/75

TPA
para-meters

Hardness (N) 8.2 ± 0.55 a 15.1 ± 0.14 b 13.2 ± 0.44 b 14.1 ± 0.76 b 14.2 ± 1.52 b

Gumminess (N) 4.8 ± 0.66 a 6.0 ± 0.78 b 5.8 ± 0.33 b 5.9 ± 0.72 b 6.4 ± 0.60 b

Chewiness (N) 8.3 ± 0.58 a 3.9 ± 0.59 b 3.9 ± 0.82 b 3.8 ± 0.75 b 3.7 ± 0.55 b

Springiness (mm) 0.7 ± 0.12 a 0.6 ± 0.03 a 0.7 ± 0.04 a 0.6 ± 0.07 a 0.7 ± 0.05 a

Cohesiveness 0.6 ± 0.71 a 0.4 ± 0.04 a 0.4 ± 0.03 a 0.4 ± 0.04 a 0.4 ± 0.08 a

Crust colour
Lightness (L*) 39.8 ± 0.65 a 40.5 ± 0.41 a 41.0 ± 0.77 a 45.5 ± 0.40 b 49.8 ± 0.32 c

Redness (a*) 15.1 ± 0.25 a 15.8 ± 0.38 a 16.8 ± 0.88 ab 16.9 ± 0.60 b 17.5 ± 0.78 b

Yellowness (b*) 24.1 ± 0.61 a 24.8 ± 0.88 a 25.2 ± 0.66 ab 29.8 ± 0.20 b 34.1 ± 0.40 c

Crumb colour
Lightness (L*) 69.2 ± 0.44 a 70.8 ± 0.50 a 71.6 ± 0.31 ab 72.3 ± 0.45 b 70.7 ± 0.51 a

Redness (a*) −3.1 ± 0.32 a −2.8 ± 0.21 a −2.7 ± 0.42 a −2.8 ± 0.45 a −2.7 ± 0.36 a

Yellowness (b*) 31.0 ± 0.24 a 29.8 ± 0.60 a 27.7 ± 0.80 a 27.2 ± 0.30 a 28.0 ± 0.54 a

abc mean values (±standard deviation) in the same row bearing different superscripts are significantly different, p < 0.05.
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A 30% SR in sponge cake significantly increased sample hardness (p < 0.05). This
result was expected as sucrose plays a vital role in the tenderisation of baked goods, and
similar results in relation to increased sample hardness with the addition of inulin have
been reported by O’ Brien et al. [44] and Volpini-Rapina et al. [40] in breadcrumbs and
orange cakes, respectively. The chewiness (N) of samples also decreased significantly after
a 30% SR. As previously mentioned, instrumental texture hardness values (N) did not
significantly discriminate between samples with increasing levels of FR using Pbb (Table 5).
As fats also play a vital role in the tenderisation of dough, an increase in crumb hardness
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was expected at higher levels of replacement. Souza et al. [45] reported an increase in the
crumb firmness of pound cakes with only a 25% replacement of butter with green banana
puree. However, as mentioned, instrumental TPA values did not correlate with sensory
results and samples containing 75% FR were perceived as harder. This sample was also
perceived as significantly dryer which may have had a carry-over effect on the perceived
hardness of samples.

A 30% SR in sponge cake using inulin and Reb A did not significantly affect instru-
mental crust or crumb colour properties. This finding was supported by images depicted
in Figure 5. Crust lightness, however, increased as FR increased in samples containing 30%
SR in the range of (40.5 ± 0.41) for the SC30/0 sample and (49.8 ± 1.32) for the SC30/75
sample (p < 0.05) (Table 5). This finding was also visually supported by the images depicted
in Figure 5. Crust yellowness (b* values) increased as FR increased in sucrose-replaced sam-
ples in the range of (15.8 ± 0.38) for the SC30/0 sample and (17.5 ± 0.78) for the SC30/75
sample (p < 0.05). Instrumental results obtained for crust colour therefore correlate with
sensory results. The increase in crust yellowness observed with increasing levels of FR in
our study could be attributed to the yellow colour associated with butter beans.

Crumb lightness values (b*) also discriminated between samples with increasing levels
of FR; however, uneven trends were observed with the SC30/25 and the SC30/50 samples
obtaining the highest values for crumb lightness (p < 0.05). This result did not correlate
with sensory results as the SC30/75 sample was the sample most negatively correlated with
crumb darkness, which means they were perceived as the lightest samples. A plausible
reason for this is that sensory panellists failed to discriminate between crust and crumb
colour, and this is supported by the high correlation between these two attributes, depicted
in Figure 2. Images displayed in Figure 3 may help to explain the difficulty to distinguish
between crust and crumb colour.

3.4. Proximate Composition of Sponge Cake Samples

As displayed in Table 6, a 30% SR in sponge cake did not significantly affect the
moisture content (%) of samples. Moisture content, however, increased significantly as FR
increased in 30% sucrose-replaced samples in the range of 22.1% for the SC30/0 sample to
32.4% for the SC30/75 sample (p < 0.05) (Table 6).

Table 6. Proximate composition (%) of sponge cake samples.

SC0/0 SC30/0 SC30/25 SC30/50 SC30/75

Moisture 21.6 ± 0.55 a 22.1 ± 0.01 a 27.5 ± 0.03 b 28.6 ± 0.42 b 32.4 ± 0.06 c

Fat 12.9 ± 0.41 a 12.6 ± 0.74 a 10.1 ± 0.26 b 7.5 ± 0.35 c 4.5 ± 0.33 d

Protein 6.1 ± 0.47 a 6.0 ± 0.75 a 6.7 ± 1.40 ab 6.8 ± 0.51 ab 7.5 ± 0.33 b

Ash 1.0 ± 0.35 a 1.3 ± 0.06 a 1.6 ± 0.63 a 1.3 ± 0.18 a 1.4 ± 0.05 a

Carbohydrate 58.4 ± 0.28 a 55.0 ± 0.60 b 54.2 ± 0.25 b 55.5 ± 0.10 b 54.2 ± 0.55 b

Sucrose 28.9 ± 0.66 a 20.4 ± 0.55 b 21.0 ± 0.55 b 21.0 ± 0.54 b 21.1 ± 0.41 b

Total sugars 29.8 ± 0.52 a 20.8 ± 0.41 b 21.4 ± 0.33 b 21.5 ± 0.58 b 21.4 ± 0.65 b

Dietary fibre 1.3 ± 0.57 a 2.0 ± 0.71 b 2.4 ± 0.22 bc 2.8 ± 0.46 c 3.3 ± 0.22 cd

Energy (Kcal/100 g) 374 357 335 317 287
abcd mean values (±standard deviation) in the same row bearing different superscripts are significantly different,
p < 0.05.

Butter beans contain a significantly higher percentage of moisture (75%) compared
to the butter used in this trial (15%), which can explain the increase in moisture with the
substitution of butter for Pbb. As mentioned, sensory results obtained for moist texture did
not correlate with instrumental results, which highlights the importance of butter content
to the perception of lubricity and moist texture. Fat content remained the same after a
30% SR as expected, but it decreased significantly with each level of FR in the range of
12.6% for the SC30/0 sample to 4.5% for the SC30/75 sample (p < 0.05). As a 50% FR was
permitted in sucrose-replaced sponge cake samples in relation to sensory acceptance, this
equated to a total fat reduction of 42%. According to the standards set by the Food Safety
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Authority (2016) [46], this reduction in fat content permits the claim “reduced fat”. A 30%
SR did not affect the protein content of samples. Trends show that protein content increased
with each level of FR; however, a significant increase was only observed for the sample
containing 75% FR (p < 0.05). The increase in protein content can be attributed to the protein
content of Pbb. Carbohydrate content decreased significantly after a 30% replacement
of sucrose for inulin and Reb A, as expected (p < 0.05). Carbohydrate content remained
constant in samples with increasing levels of FR at roughly 55%. Sucrose content and total
sugars also decreased significantly after a 30% SR, as expected (p < 0.05). Similar to results
obtained for carbohydrate content, sucrose content and total sugars remained constant
with increasing levels of FR, as expected. Although carbohydrate content was high in all
samples with increasing levels of FR (55%), less than half of the carbohydrate was in the
form of sucrose and total sugars. As a 30% SR was achieved in terms of sensory acceptance,
this equated to a 28% reduction in total sugars. Dietary fibre increased significantly with
the substitution of 30% sucrose for inulin and Reb A (p < 0.05), which can be attributed
to the fibre present in inulin. Trends show that fibre content increased with each level of
FR but only significantly so after a 50% FR with Pbb (p < 0.05). The optimised sample
(SC30/50) contained 2.8 g/100 g of dietary fibre which was a total increase of 115% from
the original sample, and a total energy reduction of 15% was achieved.

4. Conclusions

Texture liking and, subsequently, OA were negatively affected by a 50% SR using a
combination of inulin and Reb A. However, other important hedonic attributes such as
flavour liking and aroma liking were not negatively affected by this level of replacement.
This demonstrates the value of these replacers in relation to maintaining flavour properties
associated with liking. Further work to improve texture, such as the addition of emulsifiers,
for example, polysorbates, or the addition of hydrocolloids, is necessary to permit higher
levels of sucrose replacement using this combination of replacers.

Pureed butter beans were very successful in the replacement of fat by up to a level of
50% replacement. Flavour and aroma intensity attributes and, subsequently, liking and OA
were negatively affected by a 75% FR. Perhaps the addition of flavourings to compensate
for the reduction in flavour lost with butter would permit higher levels of fat replacement
using pureed butter beans.

The present study achieved a simultaneous 50% FR in 30% sucrose-replaced sponge
cake, using natural substitutes and without negatively affecting OA. Sponge cake samples
contained 42% less fat and 28% less sucrose than the original sample. Thus, the criteria
to meet the standard for a “reduced fat” claim were achieved. More work is necessary to
permit further sucrose and fat replacement using these ingredients and without negatively
affecting important quality parameters, in order to meet the criteria for reduced/low-sugar
and low-fat health claims. Optimised samples contained 115% more dietary fibre than the
original sample.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/2/254/s1, Table S1: Significance of estimated regression coefficients (ANOVA values) for the
relationship of sensory & physicochemical parameters (Y) and reduced sugar Sponge cake samples
prepared with increasing levels of fat replacement (X).
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