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Abstract: Pork lard gelled emulsions stabilized with two proteins [soy protein concentrate (SPC)
or a pork rind protein extract (PRP)], both with and without added silicon (Si) from diatomaceous
earth powder, were gelled by microbial transglutaminase and к-carrageenan. These gelled emulsions
(GEs), intended as fat replacers, were evaluated in different aspects, including microstructure and
technological properties during chilling storage. In addition, in vitro gastrointestinal digestion (GID)
with an analysis of lipolysis and lipid digestibility was also evaluated. All GEs showed adequate
technological properties after 28 days of chilling storage, although the SPC-stabilized GEs showed
better gravitational and thermal stability (~4% and ~6%, respectively) during chilling storage than
the PRP-stabilized ones (~8 and ~12%, respectively). PRP developed larger flocculates restricting
pancreatic lipase-mediated lipolysis during intestinal digestion. The addition of Si to both GE
structures protected them against disruption during in vitro digestion. Accordingly, Si appears to
slow down fat digestion, as reflected by higher triacylglycerides content after GID (15 and 22% vs.
10 and 18% in GEs without Si) and could become a potential candidate for use in the development of
healthier meat products.

Keywords: gelled emulsions; fat digestion; silicon; bioaccessibility; gel properties

1. Introduction

Oil-in-water (O/W) emulsions elaborated with unsaturated liquid oils (vegetable and
marine origin) have been widely used in the food industry as saturated fat replacers and
as a vehicle for different hydrophilic or lipophilic bioactive compounds. This is a strategy
employed to produce healthier meat products [1]. However, these systems are thermo-
dynamically unstable because of the positive free energy generated by interfacial tension,
and the oil and water phases tend to separate over time due to certain processes. There-
fore, their incorporation in the reformulation of healthier meat products may negatively
influence their stability and acceptability when compared with animal-fat meat products.
On the other hand, the emulsification process can favor the action of digestive lipases by
simplifying the emulsification that occurs within the gastrointestinal tract, thus increasing
the O/W interfacial area for lipase adsorption [2,3]. In this sense, different authors reported
that the release of free fatty acids (FFA) increases when lipids are administered in smaller
emulsified systems [4,5]. In this regard, emulsion stability can be greatly improved by
entrapping oil droplets within a solid-like three-dimensional aqueous network (hydro-
gels). Protein-stabilized emulsions can be converted into gelled emulsions (GE) through
several food processing operations, including microbial transglutaminase (MTG) treatment,
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through covalent crosslinking between protein molecules adsorbed on different droplets [6].
The enzyme MTG catalyzes acyl transfer reactions between intra- or interchain protein
lysine and glutamine peptide residues [7]. Due to the covalent character of the crosslinks,
MTG-induced protein gels exhibit elastic behavior and are heat stable, making these GEs
suitable for reformulating heat-treated meat products [1], as they provide stability and
texture. On the other hand, these formed structures could limit fat digestibility, which is
a desirable feature in low-caloric diets and could help in the management of important
chronic metabolic diseases such as obesity and type 2 diabetes mellitus (T2DM) that are
associated in our current society with hypercaloric diets. In this context, Gayoso et al. [8]
reported that the structural and physical state of gelled double or simple emulsions results
in a slower triacylglyceride (TAG) hydrolysis in comparison with that of the ungelated
simple and double control emulsions.

Soy proteins have been traditionally used to stabilize food emulsions due to their
suitable functional properties [9]. However, in the quest to identify novel protein sources
from the by-products of the food industry, some collagen-rich protein ingredients extracted
from pork and bovine rinds and hides have barely been studied, despite their potential use
as emulsifiers and gelling agents in the food industry [10]. The benefits of functional pork
collagen proteins (PRP) include improved water binding, better texture, reduced syneresis,
improved emulsifying capacity, and enhanced organoleptic characteristics, providing a
new technological strategy for developing functional low-fat meat products [11].

The enrichment of foods with bioactive compounds is an increasingly important area
in the food industry. In this context, silicon (Si) is an essential micronutrient with significant
beneficial health effects, as it is a neuroprotector and a bone mineralization inducer, and
presents other less-known functions related to hypoglycemic and hypolipemic properties,
as well as antiapoptotic and antioxidant capacities [12,13]. Additionally, Si has been
previously added to a meat model system obtaining important benefits in the treatment
of metabolic syndrome in adult rats, modulating the duodenal cholesterol absorption [14]
and improving the lipoprotein profile and liver function [12,13]. However, it must be taken
into account that Si bioavailability depends on the matrices in which it is included, and
this may affect its efficacy [15]. In a previous study, a “synthetic” preparation of organic Si
was incorporated into the aqueous phase of O/W soft-like emulsions stabilized with soy
protein concentrate (SPC) and with methylcellulose (MC), which was added sequentially to
the emulsion [16]. The results showed that the presence of Si produced a slight reduction
in the release of FFA during in vitro gastrointestinal digestion (GID) of the SPC-stabilized
emulsions; however, this effect was lost when MC was also incorporated. In the search
for alternative sources of Si, a food supplement rich in organic and natural Si was found:
diatomaceous earth powder (DP). DP is composed of millions of hard vegetable shells from
unicellular algae called diatoms. When consuming this Si present in DP, a large part of it
upon contact with the gastric juices of the organism is transformed into orthosilicic acid,
which is the most bioavailable form of Si for humans [17,18]. Despite the great potential
functional effects of Si, there are very few studies on its use in emulsions as a delivery
system for bioactive compounds, and even fewer studies on GEs and how gel structure
and digestion behavior affect its bioaccessibility. DP is easier to handle than synthetic
organic Si and shows high solubility not only in water but also in oil, making it interesting
to evaluate its potential limiting effect on lipid digestibility, as well as its bioaccessibility
when incorporated into the oil phase of a GE.

To date, GEs have been prepared with different healthy oils, either to obtain ingredients
with a consistency similar to that of animal fat or to control lipid digestibility [8]. However,
there are no studies on structured emulsions made with pork lard and containing a bioactive
compound such as Si. Therefore, the aim of this study was to develop GEs elaborated with
animal fat that was stabilized by two different emulsifying proteins (SPC and PRP) and
with and without added Si, evaluating aspects related to their physicochemical properties,
structure, and stability during chilling storage and in vitro lipid digestibility.
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2. Results and Discussion

The gel-like structures were obtained from emulsions stabilized with SPC and PRP,
using the enzyme MTG through a cold gelling process. к-carrageenan was also added since
it is well known that different food proteins in combination with carrageenans present
synergistic effects on texture properties/ and they have also been used to make different
types of cold-set emulsion-filled gels. The aim was to create solid and robust systems
with characteristics resembling animal fat, which is commonly used in the elaboration of
meat products.

2.1. Macro- and Microstructure

Representative images of the macro- and microstructure of the freshly prepared or
non-digested GEs are shown in Figures 1 and 2, respectively. Figure 1 shows that all GEs
were self-supporting and exhibited a white color with a smooth surface, suggesting that
the incorporation of MTG and к-carrageenan promoted the gelation process (Figure 1).
In all GEs, a gel-like structure consisting of dense and packed droplets trapped within
the crosslinked EP/MTG continuous phase was observed. In general, the images dis-
played a crosslinked network polymer (probably formed by the EP and MTG) (in red;
Figure 2(a2)–(d2)) with entrapped emulsified oil droplets (in green; Figure 2(a1)–(d1)), as
observed by Farjami and Madadlou [19]. However, the structures varied depending on the
EP used and the presence or absence of DP as a source of Si.

Figure 1. General appearance of the four gelled emulsions. GE, gelled emulsion; GE1, containing 3%
soy protein concentrate (SPC), GE2, containing 3% pork rind protein extract (PRP); GE3, containing
3% SPC and 1.5% diatomaceous powder (DP) and GE4 containing 3% PRP and 1.5% DP. All four GEs
contained 40% pork fat, 1% MTG, and 0.75% к-carrageenan.

Figure 2. CLSM of the four GEs. The proteins and polysaccharide were stained with Fast Green (red),
while the oil droplets were stained with Nile Red (green); (a1–d1) are the composite images of protein
and the oil droplet, (a2–d2) are the images of protein in (a1–d1). Scale bar = 100 µm. For sample
denomination, see Figure 1.
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In the SPC-stabilized GE (GE1), the oil droplets were smaller and more homogeneously
distributed in the gel matrix, showing a more uniform network structure than when PRP
was used (GE2) (Figure 2(a1,b1). This can also be seen in Figure 2(a2) where the continuous
network exhibits smaller and more uniformly sized pores or holes than in Figure 2(b2), in
which the network formed by the PRP and the MTG is more discontinuous, with larger
and more numerous aggregates. Moreover, it is possible to observe some larger droplets in
PRP emulsions (GE2, Figure 2(b1), indicating that PRP molecules may have thickened and
gelled the water droplets, which led to larger droplet sizes in the overall system. This latter
structure can result in a lower ability to stabilize the emulsion (Figure 2(b1)). This behavior
could be attributed to various factors. On the one hand, to the different structures of the EP
studied, SPC is a globular protein with exceptional functional properties [9], while PRP
has a high proportion of collagen and a fibrillar structure. Although PRP exhibits good
water- and fat-binding properties, as well as texturizing properties, its emulsifying capacity
appears to be lower than that of SPC. In this sense, Surh, Decker, and McClements [20]
pointed out that fish gelatin showed less emulsifying activity than globular proteins due
to its relatively low surface activity. On the other hand, the different structure of the EP
studied is also responsible for the disparate affinity of MTG and both proteins. In this
regard, it has been stated that casein, sodium caseinate, gelatin, myosin, 7 S globulin, and
11 S soy are good substrates for MTG [21]. In contrast, proteins such as collagen are also
reactive to MTG but to a lesser degree than the aforementioned substrates [22,23]. In turn,
the addition of Si also modified the structure of the GEs (Figure 2(c1,d1,c2,d2). The addition
of Si to the oil phase may have interfered with the EP’s ability adequately to emulsify the
oil droplets. This suggests that the structure of the continuous phase of the GEs stabilized
with SPC and PRP in the presence of Si presents a more compact and aggregated structure
with stronger crosslinking compared with the absence of Si, where the fat droplets are
more strongly trapped in the matrix (Figure 2(c1,d1) vs. Figure 2(a1,b1). This behavior
was even more evident when PRP was used as the EP. Cofrades et al. [16] reported that
the incorporation of Si in biopolymeric emulsions stabilized with SPC and methylcellulose
resulted in a decrease in the population of smaller droplets while favoring the presence of
larger ones.

2.2. Technological Properties during Chilling Storage

Emulsion properties such as color, texture, and water and fat binding capacity are
attributes that can significantly influence consumer purchasing decisions. Therefore, they
are crucial properties to consider during the development of fat substitutes and meat
products. Moreover, these characteristics may also be affected by chilling storage, given
the nature of either of these newly formulated systems or the products to which they will
be added.

2.2.1. Instrumental Texture and Color

Regarding the textural parameters of the GEs (Figure 3), in fresh samples (1 day of
chilling storage), the EP (SPC vs. PRP) had a significant effect on the force at 10 mm
(Figure 3a) and work of penetration values (Figure 3b). These were significantly higher in
both GEs prepared with PRP (GE2 and GE4) than those containing SPC (GE1 and GE3).
Therefore, it can be stated that the use of PRP increases the structural strength of the GE
in comparison with SPC. This behavior can be attributed, as previously mentioned, to the
different structure and composition of SPC and PRP, which originated a compact and more
discontinuous structure with larger aggregates in the PRP-stabilized GEs (Figure 2(b1)).
In turn, the addition of Si only showed a significant effect in the GEs formulated with
PRP, resulting in higher values for both textural parameters compared with its Si-free
counterpart. The texture results seem to be consistent with the microstructure images of
the non-digested GEs, where it is possible to appreciate that the PRP-stabilized GE (GE4)
exhibited a more compact and denser network than the one formed by SPC with Si (GE3)
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(Figure 2(c1,d1)). Likewise, GE4 had more irregular and less spherical fat globules than
GE2 (Figure 2(b1,d1)).

Figure 3. Effects of GE composition (emulsifying protein (EP) and silicon (Si) presence) and chilling
storage on textural parameters from a penetration test. Each value is the mean of 4 replicates and
vertical bars are standard errors. (a) is force of penetration at 10 mm; (b) is work of penetration.
A–D Effect of GE composition. For each textural parameter and for the same chilling storage time,
mean values without the same letter are significantly different (p < 0.05). a,b Effect of chilling storage.
For each textural parameter and for the same GE composition, mean values without the same letter
are significantly different (p < 0.05). GE, gelled emulsion. For sample denomination, see Figure 1.
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Chilling storage had a minimal effect on the texture of the GEs so at the end of the
storage period, the values of both parameters were similar to those of freshly made GEs.
This would reflect the high structural stability of all GEs over time. In terms of GE color,
all fresh GEs had a similar whitish solid-like appearance at room temperature, resembling
that of pork lard (Figure 1). However, GE color parameters were slightly affected by
the formulation (Table 1). GE3, stabilized with SPC and with Si added to the oil phase,
exhibited lower (p < 0.05) lightness and higher redness and yellowness than the rest of the
GEs. This may be attributed to the interactions between Si, the melted pork lard, and SPC.
In addition, GE color was hardly affected by storage (Table 1). The lightness and yellowness
of all GEs remained unchanged during storage, whereas the redness values decreased in
all GEs at the end of the storage period. In general, these changes have a minimal impact
and, therefore, do not compromise the use of these GEs as fat replacers.

Table 1. Instrumental color parameters for lightness (L*), redness (a*), and yellowness (b*) of the GEs
over chilling storage time.

Gelled
Emulsion

Number
of Days L* a* b*

GE1 1 88.08 ± 0.53 A
a −0.21 ± 0.04 B

b 5.94 ± 0.07 B
a

GE2 1 88.25 ± 0.11 A
a −0.55 ± 0.08 A

b 5.61 ± 0.13 C
a

GE3 1 86.50 ± 0.66 B
ab 0.05 ± 0.04 C

a 6.28 ± 0.05 A
a

GE4 1 88.37 ± 0.57 A
a −0.27 ± 0.02 B

ab 5.48 ± 0.11 C
a

GE1 7 88.24 ± 0.80 AB
a −0.10 ± 0.13 B

b 5.48 ± 0.17 AB
b

GE2 7 88.28 ± 0.42 AB
a −0.39 ± 0.08 A

b 5.25 ± 0.06 B
b

GE3 7 87.41 ± 0.28 B
a 0.14 ± 0.05 C

a 5.88 ± 0.01 A
bc

GE4 7 88.79 ± 0.64 A
a −0.07 ± 0.11 BC

b 5.15 ± 0.19 B
a

GE1 14 87.98 ± 0.46 A
a −0.05 ± 0.11 C

b 5.71 ± 0.29 A
ab

GE2 14 88.38 ± 0.30 A
a −0.41 ± 0.03 A

b 5.35 ± 0.12 AB
a

GE3 14 86.56 ± 0.18 B
b 0.33 ± 0.07 B

a 5.62 ± 0.17 AB
c

GE4 14 87.79 ± 0.48 A
a 0.14 ± 0.18 BC

b 5.21 ± 0.13 B
a

GE1 28 87.66 ± 0.20 AB
a −0.61 ± 0.10 B

a 5.85 ± 0.07 AB
ab

GE2 28 88.09 ± 0.50 A
a −0.90 ± 0.07 A

a 5.67 ± 0.18 B
a

GE3 28 86.90 ± 0.60 B
ab −0.30 ± 0.04 C

b 6.10 ± 0.10 A
ab

GE4 28 87.99 ± 0.53 A
a −0.47 ± 0.10 BC

a 5.34 ± 0.15 C
a

Mean values (n = 4) ± standard deviation. A–C Effect of GE composition (emulsifying protein (EP) and silicon (Si)
presence). For each color parameter and for the same chilling storage time, mean values without the same letter
are significantly different (p < 0.05). a–c Effect of chilling storage. For each color parameter and for the same GE,
mean values without the same letter are significantly different (p < 0.05). GE, gelled emulsion; GE1, containing 3%
soy protein concentrate (SPC); GE2, containing 3% pork rind protein extract (PRP); GE3, containing 3% SPC and
1.5% diatomaceous powder (DP); and GE4 containing 3% PRP and 1.5% DP. All four GEs contained 40% pork fat,
1% MTG, and 0.75% к-carrageenan.

2.2.2. Gravitational and Thermal Stability

The stability of the GEs is related to their ability to withstand external changes over
time or heating, which depends on their composition [24]. The greater the stability of the
GE, the less likely its properties are to change. In the context of meat product reformulation,
GE stability is a technological property that holds paramount importance as most meat
products undergo some type of storage and/or heating process, and consequently, it must
be considered. Figure 4 displays data concerning the change in emulsion stability of the GEs
measured by gravitational (Figure 4a) and heating losses (Figure 4b) during chilling storage.

As regards the gravitational stability of the GEs, in freshly prepared samples without
Si, (GE1 and GE2), the EP used to stabilize the emulsions did not have a significant effect
on the exudate released, with losses ranging between 5.7 and 4.6% for GE1 and GE2,
respectively (Figure 4a). However, the addition of Si to both GEs overcame the observed
initial losses, reaching practically insignificant loss values (<1%) in the case of GE4. During
chilling storage, the opposite effect was observed, noting that the PRP-stabilized GE (GE2)
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significantly increased gravitational losses after 14 days of storage, observing losses of
approximately 8% at the end of the storage. However, the addition of Si counteracted these
losses for up to 14 days of storage, noting that at the end of the storage time, Si loses its
effect (Figure 4a). On the contrary, the SPC-stabilized emulsions (GE1 and GE3) presented
greater stability during conservation, resulting in final losses of less than 4%. Therefore, the
addition of Si had a greater impact on the gravitational loss than the EP in the non-digested
GEs, although this effect was lost during storage time as the effect of the EP prevailed.

Figure 4. Effects of GE composition (emulsifying protein (EP) and silicon (Si) presence) and chilling
storage on gravitational and heating losses. Each value is the mean of 4 replicates and vertical bars
are standard errors. (a) is gravitational losses; (b) is heating losses. A–D Effect of GE composition. For
each stability measurement and for the same chilling storage time, mean values without the same
letter are significantly different (p < 0.05). a–c Effect of chilling storage. For each stability measurement
and for the same GE composition, mean values without the same letter are significantly different
(p < 0.05). GE, gelled emulsion. For sample denomination, see Figure 1.



Gels 2023, 9, 728 8 of 16

Concerning the thermal stability of the emulsions (heating losses), the SPC-stabilized
GE (GE1) initially presented favorable fat- and water-binding properties, showing low
liquid release (<2%) during heating (Figure 4b), while GE2, prepared with PRP, showed
higher and significant heating losses, although still relatively low. The presence of Si had no
effect on any of the GEs. In general, heating losses increased during chilling storage in all
the GEs, finding significantly higher values (p < 0.05) in GE2, with PRP, compared with GE1,
stabilized with SPC. At the end of the storage period, GE1 and GE3 showed similar and
lower losses than GE2, respectively, noting a stabilizing effect of Si on this latter GE (GE4
vs. GE2 at 28 days, Figure 4b). Therefore, the EP had more influence on thermal stability
than the presence of Si, similar to the findings for gravitational stability. Although these
results are difficult to interpret, it is possible to attribute the observed effects to the different
formulations and, thus, to the proteins used to stabilize the GEs as well as to the presence
of Si and the interactions between the different food components during storage. Overall,
the emulsion stability values, fall within the expected ranges found in various studies on
GEs [1]. The greater stability observed in the GEs containing SPC as the EP (GE1 and
GE3), compared with those formulated with PRP (GE2 and GE4), could be due to the good
interfacial and emulsification activities shown by vegetable proteins in comparison with
collagen [25]. Taking into account that the main protein present in the pork rind protein
extract (PRP) is collagen, these results would confirm the worse emulsifying capacity of PRP
compared to SPC. On the other hand, soy protein is a better substrate for MTG than collagen
from pork rind and bovine hides [21], which may also contribute to the observed differences.
These results are consistent with the textural parameter values and microstructure images
observed in these GEs, where a more heterogeneous structure was observed in the GEs
stabilized with PRP, presenting larger oil droplets in comparison with SPC (Figure 2(a1,b1)).
In this sense, other studies have demonstrated that emulsions containing larger droplets
exhibit greater oil destabilization than those with smaller ones [20]. Although the particle
size of the GEs was not determined, the droplet size of the liquid-like emulsions (primary
emulsions) made with SPC and PRP was registered as the volume-mean diameter D[4,3].
As expected, SPC resulted in smaller oil droplet sizes (~50 µm), whereas with PRP, these
were larger (~112 µm), confirming our results in GEs.

2.2.3. Lipid Oxidation

Thiobarbituric acid reactive substances (TBARS) were influenced by the formulation
(both EP and presence or absence of Si) and chilling storage time (Figure 5). Initially, all
the samples presented relatively low TBARS values (0.08–0.19 mg MDA/kg of sample),
similar to those found in other GEs [1,26]. The GEs exhibiting the highest oxidation level
were the ones that contained PRP as the EP, without Si (GE2). These low initial values of
lipid oxidation could be associated with the fact that the GEs were made with animal fat,
rich in saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA), which are
less prone to lipid oxidation than vegetable fats with a higher content of polyunsaturated
fatty acids (PUFA). Additionally, it is noteworthy that the gel formation was enzymatic
using MTG and cold, and not carried out by heat treatment. The presence of Si in the
PRP-stabilized GE (GE4) showed lower TBARS values compared with the absence of Si
(GE2), whereas there was no effect on the SPC-stabilized GE (GE1), which may be due to
the low initial oxidation level observed in this sample. Irrespective of the composition, the
changes in TBARS contents over the storage period of the GE, although significant, were
not relevant because the values did not exceed 0.2 mg MDA/kg at the end of the storage
period (Figure 5). Therefore, these systems can be considered to have low susceptibility to
oxidation even after 30 days from preparation.
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Figure 5. Effects of GE composition (emulsifying protein (EP) and silicon (Si) presence) and chilling
storage on lipid oxidation (TBARS). Each value is the mean of 3 replicates and vertical bars are
standard errors. A–C Effect of GE composition. For the same chilling storage time, mean values
without the same letter are significantly different (p < 0.05). a,b Effect of chilling storage. For the same
GE composition, mean values without the same letter are significantly different (p < 0.05). GE, gelled
emulsion. For sample denomination, see Figure 1.

2.3. Extent of Lipolysis during In Vitro Digestion

The impact of the EP (SPC vs. PRP) and the presence or not of Si from DP as a
functional ingredient in the GEs, all structured with MTG and к-carrageenan, on the extent
of lipolysis was evaluated by high-performance size-exclusion liquid chromatography
(HPSEC). The composition of the digestion products, including the loss of TAG and the
formation of hydrolytic compounds (diacylglycerides (DAG), monoacylglycerides (MAG),
and FFA)) at the end of 90 min of intestinal digestion (ID–90), allowed for the determination
of the expected reduction in lipid digestion. The fat composition of the four digested GEs
at ID–90 is shown in Table 2. Initially, the lipid composition of the GEs was typical of pork
lard, with 99.9% TAG, and there were no differences among samples.

Table 2. Fat composition (g/100 g fat) and % of digestibility of gelled emulsions after in vitro GID
performed in a pH stat after 90 min intestinal digestion.

Gelled Emulsion TAG DAG MAG FFA MAG + FFA Digestibility

Initial pork lard 99.9 ± 0.0

GE1 10.41 ± 1.91 B
b 11.47 ± 0.49 A

b 15.96 ± 1.95 A
a 62.16 ± 2.69 A

a 78.12 ± 1.62 A
a 89.58 ± 1.91 A

a
GE2 18.12 ± 1.64 A

b 11.42 ± 0.85 A
b 15.27 ± 0.22 A

a 55.20 ± 0.93 B
a 70.47 ± 1.07 B

a 81.45 ± 1.77 B
a

GE3 14.84 ± 1.67 B
a 12.32 ± 0.70 A

a 14.53 ± 0.54 A
b 58.31 ± 0.81 A

b 72.84 ± 1.10 A
b 85.14 ± 1.68 A

b
GE4 21.99 ± 3.89 A

a 13.15 ± 0.54 A
a 12.51 ± 1.19 A

b 52.35 ± 2.98 B
b 64.86 ± 4.17 B

b 77.99 ± 3.90 B
b

Mean values (n = 3) ± standard deviation. TAG, triacylglycerides; DAG, diacylglycerides; MAG, monoacylglyc-
erides; FFA: Free Fatty Acids; MAG, monoacylglycerides; GE, gelled emulsion. A,B Effect of the emulsifying
protein (EP) in GEs. For the same Si level (presence or absence), mean values without the same letter are signifi-
cantly different (p < 0.05). a,b Effect of silicon (Si) presence in GEs. For the same emulsifying protein (SPC or PRP),
mean values without the same letter are significantly different (p < 0.05). For sample denomination, see Table 1.
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Regarding the effect of EP on the degree of lipolysis, the fat extracted from the PRP-
stabilized GE (GE2) at the end of ID, revealed a significantly (p < 0.05) higher TAG content,
and lower FFA content, in the absorbable fraction (MAG + FFA) and digestibility compared
with the SPC-stabilized GE (GE1). This result is according to the consistency of the GEs, in
the sense that the softer gels (GE1 and GE3) could be degraded much faster than the harder
GEs (GE2 and GE4) during in vitro GID. Other authors have explained that this could be
due to the fact that harder gels have a more compact particulate gel structure and there is
more crosslinking between the EP within the gel [27].

The presence of Si in both GEs with Si resulted in a significantly higher TAG content
and lower FFA content and degree of digestibility with respect to the GEs without Si. These
results suggest that using PRP as the EP leads to a lower degree of digestion compared
with SPC and that the presence of Si in both GEs also reduces fat digestion at the end of ID
(ID–90). As for Si, the reduction of fat digestibility could be expected from previous results;
Garcimartín et al. [12] observed that the inclusion of Si in a meat matrix allowed a notable
reduction of lipemia in a metabolic syndrome rat model. In turn, Garcimartín et al. [12]
demonstrated the hypotriglyceridemic effect of Si from the first administration. Recently,
our research team found that the presence of Si in an SPC-stabilized emulsion reduced fat
digestibility after 90 min of ID with respect to the emulsion without Si. This behavior could
be attributed to the fact that the continuous phase structure of the GEs stabilized with SPC
and PRP, and in the presence of Si, presented a more aggregated and compact structure with
stronger crosslinking than in the absence of Si, where the fat droplets were strongly trapped
inside (Figure 2(c1,d1) vs. Figure 2(a1,b1)). This could limit the access of bile salts and
pancreatic lipase to the surface of the oil droplets and, therefore, reduce digestibility. Similar
results were reported by Fontes-Candia et al. [28] in a GE with curcumin incorporated in
the oil phase. These authors reported that the presence of curcumin limited the formation
of the mixed bile salt-digestion products lamellae/micelles, and induced the formation of a
greater number of larger vesicles, curcumin being most likely located within the interior of
these structures.

2.4. Confocal Laser Scanning Microscopy of the Digested GE

The structural changes of the GEs during in vitro GID were also monitored using
CLSM. In vitro GID generated changes in the microstructure of all the non-digested GEs
(Figure 2), and the microstructure of their corresponding digests after the different in vitro
GID phases (GD, ID–5, and ID–90) is shown in Figure 6.

In all gastric digests (GD) (Figure 6a–d), some fat droplets appeared flocculated due to
pepsin digestion. These flocs appeared to be larger in the SPC-stabilized GEs. This implies
that the proteolysis of the interfacial layer of fat droplets is greater in SPC than in PRP
and, therefore, the thickness of the interfacial layer decreases, promoting the flocculation
of oil droplets [29]. This could be a consequence, as previously discussed with other
properties, of the structural difference between soy globular proteins, which contribute
to the formation of more stable emulsions, and collagen, the main protein found in PRP,
which produces fewer stable emulsions. In fact, stable emulsions under acidic conditions
and emulsifiers causing a weak to moderate interfacial displacement of gastric lipase can
result in significant degrees of lipolysis in the gastric compartment [30]. Furthermore, it is
assumed that globular proteins are more easily accessible to digestive enzymes than fibrillar
proteins. This observation is aligned with the gel texture or consistency, given that the softer
gels seemed to be broken down into smaller particles than the harder gels, as stated by Luo
et al. [27] in whey protein GEs. According to these authors, this could be due to hard gels
having a more compact particulate gel structure and greater crosslinking between whey
proteins within the gel [6]. Consequently, some cleavage sites may change and become
less accessible for pepsin during GD, leading to slower hydrolysis of whey proteins. Even
though whey proteins in both gels started to be hydrolyzed by pepsin at approximately
the same time, the rate of proteolysis was slower in the hard gel (Figure 6b,d). The faster
proteolysis and degradation of the soft gel may have led to the earlier and more severe
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occurrence of oil droplet coalescence in the gel particles from the soft gel (Figure 6a,c). A
key factor contributing to the slower proteolysis and degradation of the hard gel could
have been the slower diffusion rate of pepsin in its gel particles.
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At min 5 of intestinal digestion (ID–5), a large number of small particles uniformly
dispersed were observed in the digest from both gels without Si (GE1 and GE2), indicating
the release of oil droplets from the protein matrix (Figure 6e,f). Conversely, a smaller
number particles that were more heterogeneously distributed in the matrix was observed
in the GEs with Si (Figure 6g,h).

A fact to highlight is the presence of the continuous phase network that still existed in
significant amounts in the samples with Si (GE3 and GE4), which influenced the subsequent
digestion process in the small intestine (Figure 6g,h). This fact could indicate that the
presence of Si hinders or restricts access of digestive enzymes (pepsin and lipase) to the
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oil droplets. At the end of the ID (ID–90) (Figure 6i–l), and in all the GE digests, smaller
oil droplets were observed than at ID–5, indicating digested oil droplets or the formation
of mixed micelles and vesicles, and also some larger particles, which could have been
undigested and/or coalesced/flocculated oil droplets.

There are no previous studies in which the effect of Si in emulsions on lipid digestibility
in vitro has been evaluated. However, in a previous study by our group, it was found that
the presence of Si in SPC-stabilized emulsions reduced lipolysis.

In summary, the results indicate that the digestion from the different GEs depends on
the EP used to stabilize the GEs and the presence or absence of Si and that the behavior
could be associated with the texture/consistency/structure of the freshly prepared or
non-digested GE. It seems that the harder gels containing PRP (GE4 and GE2) were more
resistant to degradation and digestion in the small intestine than those from the softer GEs
with SPC (GE1 and GE3). Therefore, GE4 had the lowest fat digestibility and more gel-solid
texture, despite presenting lower thermal stability and being somewhat less stable during
chilling storage.

3. Conclusions

Solid gel-like structures from pork lard, MTG, and к-carrageenan with two different EP
(SPC and PRP) and with Si added to the oil phase were prepared. The SPC-stabilized GEs
with and without Si were softer and presented higher gravitational and thermal stability
during chilling storage than the PRP-stabilized ones. The EP used had a more significant
effect on the technological properties than the presence of Si in all the GEs. Chilling storage
hardly affected these properties. When subjecting the GEs to an in vitro GID process, the
type of structures generated because of the oil lipolysis depended on the protein type and
the presence of Si. Regarding the protein type, the fibrillar protein present in PRP resulted
in large flocculates that hindered the access of pancreatic lipase to the lipids within the
droplets. In relation to Si, the structures of both GEs without added Si were easier to disrupt
during the in vitro digestion process than the ones with Si, which presented remains of
the initial matrix during the intestinal phase. Therefore, the presence of Si seems to limit
the formation of digestion products and, consequently, fat digestion. These results reflect
the importance of the GE composition in the different types of digestion products formed
during in vitro GID, which would determine the intestinal transport and absorption of
the produced compounds. These GEs could be used as healthier alternatives to common
animal fat in the design and development of meat products with reduced fat content and
digestibility. Adding Si from DP to GEs can help improve the stability and rheological
properties of meat products and may become an important component of healthier meat
functional foods. Further research on this topic is being conducted to confirm these findings,
focusing on developing gel-emulsion type meat products, such as pâtés, frankfurters, etc.
with these GEs.

4. Materials and Methods
4.1. Materials and Chemicals

Pork lard with a fat content of 99.9% was obtained after a clarification process from
Iberian pork fat (local supermarket, Madrid, Spain). SPC with 72% protein, was kindly
donated by Lactotecnia S.L. Ingredientes Alimentarios, Barcelona, Spain. A pork rind
protein extract (PRP with 90% protein of which 70% is collagen and 10% fat) was obtained
from Prosur (Murcia, Spain). к-carrageenan was supplied by Tradissimo, Trades S.A.
(Barcelona, Spain). MTG with 50 U/g transglutaminase activity (Activa® EB) was donated
by Ajinomoto Foods Europe (Paris, France). The food grade preparation (diatomaceous
earth powder (DP); Tierra de Diatomeas®) with a SiO2 richness of 85%, thus containing 40%
Si, was kindly donated by Vitality Gest S.L. (Valencia, Spain). Pepsin (≥2500 U/mg protein,
P7012), pancreatin from porcine pancreas (8 x USP, P7545), and bile extract porcine (B8631),
Fast Green FCF (F7252), Red Nile (72,485), dehydrate calcium chloride, potassium chloride,
sodium bicarbonate, and sodium hydrogen carbonate were supplied by Sigma Aldrich
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Chemie GmbH (Steinheim, Germany). Sodium chloride, hydrochloric acid 37%, sodium
hydroxide pellets, trichloroacetic acid, sulfate ammonium, and hexane were supplied by
Panreac (Barcelona, Spain).

4.2. Preparation of Gelled Emulsions (GE)

Gelled O/W emulsions (40/60) were prepared in a 2-step emulsification procedure.
First, primary emulsions stabilized with SPC or PRP were prepared as described in Cofrades
et al. [18] with the following modifications. The oil phase consisted of melted pork lard and
the aqueous phase contained the emulsifying protein (SPC or PRP), which was hydrated in
part of the water of the aqueous phase. The structuring solutions (MTG and к-carrageenan),
prepared with the rest of the water of the aqueous phase, were added to the primary
emulsions and mixed using a rod stirrer (Bunsen AGV-8, Madrid, Spain) at 500 rpm/1 min
until complete homogenization. These emulsions were labeled and hereafter referred to as
SPC (GE1) and PRP (GE2). The same procedure was used to prepare the emulsions with
DP, which was added to the melted oil phase and stirred for 30 min just before adding it
to the aqueous phase. These emulsions were labeled and hereafter referred to as SPC- DP
(GE3) and PRP- DP (GE4). Aliquots of ≈ 10 g were rapidly poured into cylindrical-shaped
containers (3.5 cm height × 2.5 cm diameter) with lids and stored at 4 ± 2 ◦C to form the
final GE until analysis after 1, 7, 14, and 28 days of storage. GE1 contained 3% SPC (w/w);
GE2 contained 3% PRP (w/w); GE3 contained 3% SPC and 1.5% DP (w/w) (containing 0.6 g
Si); and GE4 contained 3% PRP (w/w) and 1.5% DP (w/w). All four GEs contained 40%
clarified pork fat, 1% MTG (w/w), and 0.75% к-carrageenan (w/w) as gelling agents.

4.3. Microstructure

The microstructure was determined in freshly prepared or non-digested GEs and
after simulated GID phases (gastric digestion; GD, intestinal digestion (ID) at min 5; ID–5,
and ID at min 90; ID–90) by confocal laser scanning microscopy (CLSM). Images were
collected using a confocal microscope (Leica TCS SP5 AOBS, Mannheim, Germany) with a
20× objective, and some fields of each sample with a 5× zoom as previously described [18].

4.4. Instrumental Texture and Color

A penetration test was performed in a TA.HDPlus Texture Analyzer (Stable Micro
Systems, Ltd., Godalming, UK) equipped with a 5 kg load cell. A 4 mm cylindrical stainless-
steel flat probe was used to penetrate the sample placed in the cylindrical-shaped container
up to 10 mm at a speed of 1 mm/s. The samples were tempered at 20 ◦C before the
measurements. The penetration force at 10 mm (N) and the penetration work (mJ) were
derived from the force-distance curves. Color differences between formulations and during
chilling storage were determined by reflectance (Chroma Meter CR 400, Konica Minolta
Sensing, Inc., Osaka, Japan) using the CIE Lab scale (D65/10◦), where L* (black 0 to light
100), a* (red 60 to green –60) and b* (yellow 60 to blue –60) were used to measure lightness,
redness, and yellowness.

4.5. Gravitational and Thermal Stability

As a measure of emulsion stability, gravitational and heating losses were determined.
Gravitational stability was determined by measuring the exudate released during chilling
storage at 4 ◦C. Samples were removed from the cups and allowed to stand until they
reached room temperature; then, they were superficially dried with a paper towel. The
exudate released was expressed as a percentage of the initial sample weight. Heating loss
was measured to determine the thermal stability (fat and water binding properties) of the
GE. The containers with all GE were introduced in a water bath for 30 min at 70 ◦C, and
then opened and left to stand upside down (for 30 min) to release the exudate.The heating
loss was expressed as % of the initial sample weight.



Gels 2023, 9, 728 14 of 16

4.6. Determination of Thiobarbituric Acid Reactive Substances)

TBARS in all GEs were determined according to the method described by Freire
et al. [1]. In brief, 0.25 g of each GE was mixed with 200 µL of BHT (1% in distilled
water), 550 µL of water, and 2 mL of a TBARS reagent freshly prepared. This mixture
was placed in a boiling water bath for 15 min and then cooled in ice. After that, 1 mL of
4 M ammonium sulfate was added to the mixture and vortexed for 1 min, after which
1 mL of hexane was added and vortexed and then centrifuged at room temperature at
662 g for 30 min (Multifuge 3 LR, Heraeus, DJB Labcare Ltd.; Buckinghamshire, UK).
Absorbance of the lower phase was measured at 532 nm. A calibration curve was plotted
using 1,1,3,3-tetraethoxypropane (Sigma-Aldrich, Madrid, Spain), as the malondialdehyde
(MDA) source, and the results were expressed as mg MDA/kg of sample.

4.7. In Vitro Gastrointestinal Digestion (GID)

24 h after their formulation and storage at 4 ◦C, the GEs were subjected to the in vitro
INFOGEST 2.0 digestion procedure, based on the protocol described by Brodkorb et al. [31]
with slight modifications. The complete simulated in vitro GID procedure, including oral,
gastric, and intestinal phases are described briefly:

Oral phase: 2.5 g of each emulsion (containing 1 g of fat) was added to 2.5 mL milli-Q
water and then mixed with 4 mL of simulated salivary fluid electrolyte (eSSF) with pH
7.0 and no salivary α-amylase (no starch in the emulsion), 0.025 mL CaCl2 (0.3 M), and
0.975 mL of milli-Q water. The bolus was incubated at 37 ◦C for 2 min under continuous
stirring using a mechanical shaking device to mimic oral digestion.

Gastric phase: 8 mL of simulated gastric fluid electrolyte (eSGF) solution was added
to the oral bolus (10 mL) to obtain a final ratio of 1:1 (v/v), followed by 0.005 mL of CaCl2
(0.3 M), and the pH was adjusted to 3.0 using HCl 1 N. Then, freshly prepared porcine
pepsin prepared in milli-Q water was added to achieve an activity of 2000 U/mL in the
final digestion mixture. The mixture was incubated at 37 ◦C for 60 min under continuous
agitation using the above-mentioned mechanical shaking device. During the time of gastric
digestion, the pH was adjusted to 3.0 as required. Finally, the necessary amount of milli-Q
water was added to obtain 10 mL of simulated gastric fluid.

Intestinal phase: 7 mL of electrolyte simulated intestinal fluid (eSIF) and 0.04 mL of
CaCl2 (0.3 M) were added to the chyme (20 mL), and the pH was adjusted to 7.0 with
NaOH 1 N under continuous agitation at 37 ◦C. A solution of bile extract (10 mM in 4 mL
eSIF) was then added and, if necessary, the pH was readjusted to 7.0. Thereafter, freshly
prepared porcine pancreatin in eSIF was added to achieve a lipase activity of 2000 U/mL
in the final mixture. An automatic titration device (TitroMatic 1 S, Crison, Alella, Spain)
was used to maintain the sample at pH 7.0 by adding NaOH (1 N). The sample was kept
under simulated small intestinal conditions for 90 min. To inhibit lipolysis, 200 µL of 5 mM
4-bromophenylboronic acid were added to the final digested mixture and stored at −20 ◦C
until used.

4.8. Fat Extraction, High-Performance Size-Exclusion Liquid Chromatography, and Extent of
Lipolysis during In Vitro GID

The lipid composition of TAG, DAG, MAG, and FFA was determined in pork lard and
in the 4 emulsions after 90 min of intestinal digestion (ID–90) as described previously.

The digestibility of the samples was calculated according to the following formula:

Digestibility (%) = [(TAGinitial − TAGt)/TAGinitial] × 100

Here, TAGinitial is the proportion of TAG in the fat present in all the non-digested GEs
and TAGt is the proportion of TAG in the fat of the digestion product in ID–90.

4.9. Statistical Analysis

For the initial studies (day 1), all the GEs were prepared in triplicate. Then, from each
replicate, the analyses (texture, color, binding properties, and in vitro GID) were performed
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in triplicate. For all measurements, except for the fat composition after in vitro digestion,
the effect of GE composition (emulsifying protein (EP) and Si presence or absence) for the
same chilling storage time was studied by a one-way analysis of variance (ANOVA). The
difference in means between pairs was determined using confidence intervals with the
Bonferroni or Tamhane tests, depending on the variance homogeneity. In the case of the
fat composition, the following comparisons were performed using t-tests: GE1 vs. GE3;
GE2 vs. GE4; GE1 vs. GE2; and GE3 vs. GE4. In addition, for all measurements except
for the fat composition after in vitro digestion, a mixed model analysis of ANOVA with
repeated measures during time was used to analyze the effect of chilling storage time for
each GE. The difference of means between pairs was resolved using confidence intervals
with the Bonferroni test. In all analyses, the letters “a” and “A” were assigned the highest
values. The level of significance was set at p ≤ 0.05. The statistical analysis was performed
using the SPSS statistical program (version 27.0, SPSS Inc., Chicago, IL, USA). Results are
expressed as mean ± standard deviation.

Author Contributions: Conceptualization, S.C., A.G. and M.D.Á.; methodology, All the authors;
validation, S.C., M.H.-M., A.G., A.S., M.E.L.-O. and M.D.Á.; formal analysis, All the authors; investi-
gation, S.C., M.H.-M., A.G., A.S., M.E.L.-O., J.B. and M.D.Á.; writing—original draft preparation, S.C.
and M.D.Á.; writing—review and editing, All the authors; visualization, S.C., M.H.-M., A.G., A.S.,
M.E.L.-O. and J.B.; supervision, A.G. and M.D.Á.; project administration, S.C. and M.D.Á.; funding
acquisition, S.C. and J.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the projects from the Ministerio de Ciencia e Innovación
with reference PID2019-103872RB-I00/AEI/10.13039/501100011033, and Intramural from CSIC:
202070E177.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Acknowledgments: Thanks to Statistics Department del Área de Informática Científica (AIC) de la
Secretaría General Adjunta de Informática (SGAI) del Consejo Superior de Investigaciones Científicas
(CSIC) for advice. Thanks to Rita Shimano for writing assistance.

Conflicts of Interest: All the authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work reported in this paper.

References
1. Freire, M.; Bou, R.; Cofrades, S.; Jiménez-Colmenero, F. Technological characteristics of cold-set gelled double emulsion enriched

with n-3 fatty acids: Effect of hydroxytyrosol addition and chilling storage. Food Res. Int. 2017, 100, 298–305. [CrossRef] [PubMed]
2. Lin, X.; Wright, A.J. Pectin and gastric pH interactively affect DHA-rich emulsion in vitro digestion microstructure, digestibility

and bioaccessibility. Food Hydrocoll. 2018, 76, 49–59. [CrossRef]
3. Michalski, M.C.; Genot, C.; Gayet, C.; Lopez, C.; Fine, F.; Joffre, F.; Vendeuvre, J.L.; Bouvier, J.; Chardigny, J.M.; Raynal-Ljutovac,

K. Multiscale structures of lipids in foods as parameters affecting fatty acid bioavailability and lipid metabolism. Prog. Lipid Res.
2013, 52, 354–373. [CrossRef] [PubMed]

4. Li, Y.; McClements, D.J. New Mathematical Model for Interpreting pH-Stat Digestion Profiles: Impact of Lipid Droplet Character-
istics on in vitro Digestibility. J. Agric. Food Chem. 2010, 58, 8085–8092. [CrossRef]

5. Singh, H.; Ye, A.; Horne, D. Structuring food emulsions in the gastrointestinal tract to modify lipid digestion. Prog. Lipid Res.
2009, 48, 92–100. [CrossRef]

6. Dickinson, E. Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets. Food Hydrocoll. 2012, 28, 224–241.
[CrossRef]

7. Gaspar, A.L.C.; de Goes-Favoni, S.P. Action of microbial transglutaminase (MTGase) in the modification of food proteins: A
review. Food Chem. 2015, 171, 315–322. [CrossRef]

8. Gayoso, L.; Ansorena, D.; Astiasarán, I. DHA rich algae oil delivered by O/W or gelled emulsions: Strategies to increase its
bioaccessibility. J. Sci. Food Agric. 2019, 9, 2251–2258. [CrossRef]

9. Nishinari, K.; Fang, Y.; Guo, S.; Phillips, G.O. Soy proteins: A review on composition, aggregation and emulsification. Food
Hydrocoll. 2014, 39, 301–318. [CrossRef]

10. Santana, R.C.; Perrechil, F.A.; Sato, A.C.K.; Cunha, R.L. Emulsifying properties of collagen fibers: Effect of pH, protein concentra-
tion and homogenization pressure. Food Hydrocoll. 2011, 25, 604–612. [CrossRef]

https://doi.org/10.1016/j.foodres.2017.08.047
https://www.ncbi.nlm.nih.gov/pubmed/28888454
https://doi.org/10.1016/j.foodhyd.2017.06.010
https://doi.org/10.1016/j.plipres.2013.04.004
https://www.ncbi.nlm.nih.gov/pubmed/23624223
https://doi.org/10.1021/jf101325m
https://doi.org/10.1016/j.plipres.2008.12.001
https://doi.org/10.1016/j.foodhyd.2011.12.017
https://doi.org/10.1016/j.foodchem.2014.09.019
https://doi.org/10.1002/jsfa.9420
https://doi.org/10.1016/j.foodhyd.2014.01.013
https://doi.org/10.1016/j.foodhyd.2010.07.018


Gels 2023, 9, 728 16 of 16

11. Ren, Y.; Huang, L.; Zhang, Y.; Li, H.; Zhao, D.; Cao, J.; Liu, X. Application of Emulsion Gels as Fat Substitutes in Meat Products.
Foods 2022, 11, 1950. [CrossRef] [PubMed]

12. Garcimartín, A.; Santos-López, J.A.; Bastida, S.; Benedí, J.; Sánchez-Muniz, F.J. Silicon-Enriched Restructured Pork Affects the
Lipoprotein Profile, VLDL Oxidation, and LDL Receptor Gene Expression in Aged Rats Fed an Atherogenic Diet. J. Nutr. 2015,
145, 2039–2045. [CrossRef]

13. Garcimartín, A.; López-Oliva, M.E.; Macho-González, A.; Bastida, S.; Benedí, J.; Sánchez-Muniz, F.J. Hypoglycaemic and
hypotriglyceridaemic postprandial properties of organic silicon. J. Funct. Foods 2017, 29, 290–294. [CrossRef]

14. Hernández-Martín, M.; Bocanegra, A.; Redondo-Castillejo, R.; Macho-González, A.; Sánchez-Muniz, F.J.; Benedí, J.; Bastida,
S.; García-Fernández, R.A.; Garcimartín, A.; López-Oliva, M.E. Could Duodenal Molecular Mechanisms be Involved in the
Hypocholesterolemic Effect of Silicon Used as Functional Ingredient in Late-Stage Type 2 Diabetes Mellitus? Mol. Nutr. Food Res.
2022, 66, 2200104. [CrossRef]

15. Tedesco, E.; Benetti, F.; Pezzani, R. In vitro evaluation of different organic matrices used to modulate silicon bioavailability. FASEB
J. 2020, 34, 12229–12238. [CrossRef]

16. Cofrades, S.; Garcimartín, A.; Pérez-Mateos, M.; Saiz, A.; Redondo-Castillejo, R.; Bocanegra, A.; Benedí, J.; Álvarez, M.D.
Stabilized soy protein emulsion enriched with silicon and containing or not methylcellulose as novel technological alternatives to
reduce animal fat digestion. Food Res. Int. 2023, 170, 112833. [CrossRef] [PubMed]

17. Farooq, M.A.; Dietz, K.J. Silicon as versatile playerin plantand human biology: Overlooked and poorly understood. Front. Plant
Sci. 2015, 6, 994. [CrossRef] [PubMed]

18. Montesano, F.F.; D’Imperio, M.; Parente, A.; Cardinali, A.; Renna, M.; Serio, F. Green bean biofortification for Si through soilless
cultivation: Plant response and Si bioaccessibility in pods. Sci. Rep. 2016, 6, 31662. [CrossRef]

19. Farjami, T.; Madadlou, A. An overview on preparation of emulsion-filled gels and emulsion particulate gels. Trends Food Sci.
Technol. 2019, 86, 85–94. [CrossRef]

20. Surh, J.; Decker, E.A.; McClements, D.J. Properties and stability of oil-in-water emulsions stabilized by fish gelatin. Food Hydrocoll.
2006, 20, 596–606. [CrossRef]

21. Motoki, M.; Kumazawa, Y. Recent Research Trends in Transglutaminase Technology for Food Processing. Food Sci. Technol. Res.
2000, 6, 151–160. [CrossRef]

22. Sakamoto, H.; Kumazawa, Y.; Motoki, M. Strength of protein gels prepared with microbial transglutaminase as related to reaction
conditions. J. Food Sci. 1994, 59, 866–871. [CrossRef]

23. Motoki, M.; Seguro, K. Transglutaminase and its use for food processing. Trends in Food Sci. Technol. 1998, 9, 204–210. [CrossRef]
24. Camino, N.A.; Pilosof, A.M.R. Hydroxypropylmethylcellulose at the oil–water interface. Part II. Submicron-emulsions as affected

by pH. Food Hydrocoll. 2011, 25, 1051–1062. [CrossRef]
25. Shi, A.; Feng, X.; Wang, Q.; Adhikari, B. Pickering and high internal phase Pickering emulsions stabilized by protein-based

particles: A review of synthesis, application and prospective. Food Hydrocoll. 2020, 109, 106117. [CrossRef]
26. Pintado, T.; Ruiz-Capillas, C.; Jiménez-Colmenero, F.; Carmona, P.; Herrero, A.M. Oil-in-water emulsion gels stabilized with chia

(Salvia hispanica L.) and cold gelling agents: Technological and infrared spectroscopic characterization. Food Chem. 2015, 185,
470–478. [CrossRef]

27. Luo, N.; Ye, A.; Wolber, F.M.; Singh, H. Effect of Gel Structure on the In vitro Gastrointestinal Digestion Behaviour of Whey
Protein Emulsion Gels and the Bioaccessibility of Capsaicinoids. Molecules 2021, 26, 1379. [CrossRef]

28. Fontes-Candia, C.; Martínez, J.C.; López-Rubio, A.; Salvia-Trujillo, L.; Martín-Belloso, O.; Martínez-Sanz, M. Emulsion gels and
oil-filled aerogels as curcumin carriers: Nanostructural characterization of gastrointestinal digestion products. Food Chem. 2022,
387, 132877. [CrossRef]

29. Bellesi, F.A.; Martínez, M.J.; Pizones Ruiz-Henestrosa, V.M.; Pilosof, A.M.R. Comparative behavior of protein or polysaccharide
stabilized emulsion under in vitro gastrointestinal conditions. Food Hydrocoll. 2016, 52, 47–56. [CrossRef]

30. Infantes-García, M.R.; Verkempinck, S.H.E.; González-Fuentes, P.G.; Hendrickx, M.E.; Grauwet, T. Lipolysis products formation
during in vitro gastric digestion is affected by the emulsion interfacial composition. Food Hydrocoll. 2021, 110, 106163. [CrossRef]

31. Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assunção, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carrière, F.;
et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019, 14, 991–1014. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods11131950
https://www.ncbi.nlm.nih.gov/pubmed/35804763
https://doi.org/10.3945/jn.115.213934
https://doi.org/10.1016/j.jff.2016.12.040
https://doi.org/10.1002/mnfr.202200104
https://doi.org/10.1096/fj.202000060RR
https://doi.org/10.1016/j.foodres.2023.112833
https://www.ncbi.nlm.nih.gov/pubmed/37316037
https://doi.org/10.3389/fpls.2015.00994
https://www.ncbi.nlm.nih.gov/pubmed/26617630
https://doi.org/10.1038/srep31662
https://doi.org/10.1016/j.tifs.2019.02.043
https://doi.org/10.1016/j.foodhyd.2005.06.002
https://doi.org/10.3136/fstr.6.151
https://doi.org/10.1111/j.1365-2621.1994.tb08146.x
https://doi.org/10.1016/S0924-2244(98)00038-7
https://doi.org/10.1016/j.foodhyd.2010.09.026
https://doi.org/10.1016/j.foodhyd.2020.106117
https://doi.org/10.1016/j.foodchem.2015.04.024
https://doi.org/10.3390/molecules26051379
https://doi.org/10.1016/j.foodchem.2022.132877
https://doi.org/10.1016/j.foodhyd.2015.06.007
https://doi.org/10.1016/j.foodhyd.2020.106163
https://doi.org/10.1038/s41596-018-0119-1
https://www.ncbi.nlm.nih.gov/pubmed/30886367

	Introduction 
	Results and Discussion 
	Macro- and Microstructure 
	Technological Properties during Chilling Storage 
	Instrumental Texture and Color 
	Gravitational and Thermal Stability 
	Lipid Oxidation 

	Extent of Lipolysis during In Vitro Digestion 
	Confocal Laser Scanning Microscopy of the Digested GE 

	Conclusions 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of Gelled Emulsions (GE) 
	Microstructure 
	Instrumental Texture and Color 
	Gravitational and Thermal Stability 
	Determination of Thiobarbituric Acid Reactive Substances) 
	In Vitro Gastrointestinal Digestion (GID) 
	Fat Extraction, High-Performance Size-Exclusion Liquid Chromatography, and Extent of Lipolysis during In Vitro GID 
	Statistical Analysis 

	References

