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Synthesis of a sustainable marine oleogel and its
application as a fat substitute in a sponge cake
system

Wahyu Ramadhan, & +*2 Anita Nurul Firdaos, 1 William Vito Krisnawan,?
Sugeng Heri Suseno, 22 Bambang Riyanto, ©2 Wini Trilaksani @ ?
and Joko Santoso @2

Oleogel technology offers a promising solution for reducing trans fatty acids in food by solidifying liquid oils.
However, this technology encounters challenges due to limited vegetable oil resources. This study explores
the use of sustainable fish oil, a by-product of sardine canning, especially the saturated fatty acid from the
biowaste of PUFA purification, as a liquid phase in oleogels. Beeswax and rice bran wax were tested as
oleogelators at concentrations of 5, 10, 15, and 20%. The 20% rice bran wax oleogel exhibited superior
gelation properties, reached 90% oil binding capacity, and improved pore distribution without affecting
volume (p > 0.05). A sponge cake prepared with commercial margarine (0% oleogel) displayed similar
characteristics to a sponge cake with oleogel substitution in terms of hardness (~6 N), springiness (~25
mm), cohesiveness (0.4), gumminess (2-3 N), and chewiness (74 J). This indicated that the oleogel
substitution mimicked and yielded margarine-like textures. The increasing concentration of oleogel
substitution slightly decreased hedonic scores from ~8.3 to ~6.6 (from 'like very much’ to 'like slightly’).
Importantly, the sponge cake with 25% oleogel substitution exhibited high acceptability and overall liking
similar to the 0% oleogel (commercial margarine), both scoring at approximately 8. Moreover, the
specific texture attributes of the generated sponge cake, such as roughness, moistness, and smoothness,
were demonstrated to be similar and comparable to those of commercial margarine, particularly at 25%
and 50% oleogel substitution levels. Lipolysis during the in vitro digestion of the sponge cake revealed
a reduction in the release of free fatty acids, decreasing from 93.01% to 62.79% with oleogel
substitutions ranging from 0% to 75%, respectively. Consequently, the total energy of the product
decreased by 14.26% with a 75% oleogel substitution. These findings offer an opportunity to utilize by-
products from fish canning for the development of higher-value products. Specifically, this involves
constructing an oleogel with a new liquid-phase system while simultaneously reducing margarine
consumption. In comparison to other available reports on the utilisation of fish by-products, our study
places emphasis on the sequential valorisation of fish oil biowaste after its initial use as the PUFA source.
This approach represents a novel way to address challenges in achieving a zero-waste concept in
industry related to Sustainable Development Goals (SDGs).

Our sequential valorization strategy addresses waste in the fishing industry, aligning with Sustainable Development Goals (SDGs) 12 (responsible consumption)

and 3 (good health). Recovering fish oil during pre-cooking in the fish canning industry supports both industry resilience and SDGs. Globally, conventional solid
fats in cake consumption pose health and environmental challenges. Our research pioneers marine oleogels from fish oil by-products, notably unexplored
saturated fatty acids. We attempt to better understand its physicochemical properties to mimic commercial margarine use, eventually offering a financially
feasible and environmentally sustainable solution. Repurposing fish oil from canned sardine production not only reduces waste pollution but also aligns with
broader SDGs for responsible resource use and public health improvement, promoting sustainable and healthy food production.
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in incorporating and stabilizing air bubbles during dough
preparation, preventing the amalgamation of gas bubbles. This
phenomenon contributes to a higher volume and a uniform
porous structure within final baked products, facilitating effi-
cient heat transfer during the baking process." However, the use
of solid fats raises health concerns due to their high-calorie
content, trans fats, and saturated fatty acids.”

Solid or semi-solid vegetable oils are extensively used in the
food industry for their desirable sensory attributes and high
oxidative stability.> The rheological properties of vegetable oils
are improved by partial hydrogenation, a process that generates
elevated levels of trans fatty acids.” Trans fatty acids have been
associated with adverse health consequences, such as high
cholesterol levels, atherosclerosis, cardiovascular disease, dia-
betes, and metabolic syndrome.>® Consequently, the U.S. Food
and Drug Administration (FDA) removed partially hydrogenated
oils from its list of generally recognized as safe (GRAS)
substances in 2015.”

In recent years, the use of oleogels instead of structured oils
such as shortening has shown promising potential to reduce the
fat and saturated fatty acid content of products. Oleogels are
generated by the gelation of oils using oleogelators by turning
liquid oils into structures resembling those of gels, with similar
rheological, viscoelastic, spreadability, and firmness properties
to solid fats.*® Furthermore, oleogelators can be lipid-based,
including plant waxes, fatty alcohols, phospholipids, mono-
and diacylglycerols, phytosterols, or polymeric. Edible waxes
such as rice bran wax (RBW) and beeswax (BW) are common
oleogelelators that have been extensively studied for their
applications.'™"* Recently, various types of oleogels have been
developed to further design and optimize their specific prop-
erties in food application.”*™* Oleogels are typically fabricated
using various techniques, including direct dispersion,'®
biphasic templates,"”” and solvent exchange strategies.'® Tech-
nically, direct dispersion strategies involve crystallite particle
conformations (such as vegetable wax and other edible waxes),
aids from polymeric agents (such as hydroxyethyl cellulose),
hydrophobic polymers, inorganic particles (such as fumed
silica), and self-assembled networks (such as lecithin).**

Despite the excellence of the indirect dispersion oleogelation
technique, especially as the scaffold for oleogel systems serving
as biofunctional carriers,' " direct dispersion, especially wax-
oil complex crystal systems, has been deemed the most effec-
tive, widely available, and economically feasible options in the
food industry." It offers a wide range of functionalities across
different fields and types of food. The physicochemical prop-
erties of wax-based oleogels are influenced by many factors,
with particular focus on the interaction between waxes and
other components,* especially the liquid phase. Oleogels are
often prepared using liquid phases as a colloidal structure
including canola, olive,* sunflower,* and sunflower seed oils.*®
Although vegetable oils are primarily used, their usage presents
challenges such as pesticide residues, harmful chemical
contamination, and high production costs.**

The exploration of alternative liquid phases from novel
sources such as marine oil is crucial due to the issues often
encountered with vegetable oils. The challenge of identifying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cost-effective and economically viable sources has hindered the
use of a new reservoir of fish oil. Currently, there is a significant
demand for the optimization of valuable materials obtained
from industrial waste.?*® In Indonesia, the annual canned
sardine production reaches 235000 tons, generating approxi-
mately 5% fish oil as a by-product during pre-cooking.*® This
fish oil presents a financially feasible solution, simultaneously
promoting environmental sustainability through the repurpos-
ing of liquid waste. Industrially, managing these liquid by-
products as biowaste is challenging because the oil easily
mixes with a large amount of water as liquid waste, leading to its
discharge into waste installations and rendering it poorly
biodegradable. In fact, fish oil is widely recognized for its high
concentration of omega-3 fatty acids and plays a crucial role in
the production of fortified food, nutraceuticals, and pharma-
ceutical products.?*?* Currently, byproducts contribute approx-
imately 26% of the overall world fish oil production.>**73*

The process of extracting omega-3 fatty acids from fish oil
encompasses a variety of processing operations. The technique
utilised is determined by the oil's origin and the intended
composition of the final product. Subsequent to the extraction
of omega-3 fatty acids from primary materials via solvent and/or
wet extraction processes, fatty acids are refined by distilling fish
oil to remove impurities.**** Nowadays, the extraction methods
that are more environmentally sustainable, specifically winter-
isation and supercritical fluid extraction, are regarded as being
of greater significance.***®> However, despite the industry's
primary focus on omega-3 fatty acids and PUFAs, over 30% of
saturated fatty acids (SFAs) remain unexplored and underutil-
ised. Our previous report revealed that monounsaturated fatty
acids (MUFAs) and saturated fatty acids (SFAs) had percentages
of 25.05% and 37.11% respectively.*®

While the extraction of omega-3 fatty acids from marine-
derived oil is widely established, the effective utilisation of
other fish oil components, particularly saturated fatty acids
(SFAs), has not been extensively studied. Residual SFAs ob-
tained from the purification process of omega-3 fatty acids have
significant potential to be employed as a crucial ingredient in
the production of shortening or fat replacers. Utilising by-
products and waste from the fishing industry downstream is
anticipated to offer efficient resolutions for addressing global
health challenges and concerns related to Sustainable Devel-
opment Goals (SDGs) worldwide. Hence, this sequential valor-
isation strategy represents a new approach to fully optimizing
biowaste to apply the zero waste concept in the fishing industry.

Previously, using the direct dispersion oleogelation tech-
nique, our group successfully reported the proof of concept for
synthesizing ‘marine oleogels’ based on by-products from
sardine fish canning. We evaluated the rheology, thermal
properties, functional groups during oleogel synthesis, and its
overall physical properties.*® However, there is still a limit to the
application of this marine oleogel in food products. Further-
more, we are focusing our efforts on investigating the possi-
bilities for using this system in various food model systems.

In addition, ongoing discussions focus on how to more
effectively utilize polyunsaturated fatty acids (PUFAs) retained
in the byproduct before incorporating them into the oleogel

Sustainable Food Technol,, 2024, 2, 1022-1032 | 1023
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system, as they possess higher economic value. Therefore, after
extracting the PUFA-rich oil from the sardine canning byprod-
uct, we sequentially valorised the separated SFA oil from PUFA
extraction process as the new liquid phase for generating
a ‘sustainable marine oleogel’. This approach is considered
a more sustainable option in terms of sourcing and adheres to
the zero-waste concept in production of oleogels. Although the
utilization of fish oil in preparing cakes was previously
studied,*” no research has been conducted on the application of
fish oil gels or marine oleogels in cake products. The ‘sustain-
able marine oleogel’ offers promising potential for integration
into food products due to its favourable impact on food quality.
Therefore, this study aimed to determine the most suitable
types and concentrations of edible waxes as oleogelators, as well
as to assess the effects of various levels of generated oleogel
substitution on the sensory, physical, and chemical attributes of
a sponge cake as a food model system.

Experimental
Materials

The materials used in this study were by-products of canned
sardine fish oil (PT Maya Muncar, Banyuwangi, East Java,
Indonesia), commercial margarine (Blueband, Indonesia),
edible wax beeswax (BW) (Cera Alba, Shanghai, China), rice
bran wax (RBW) (Aogubio, Shanghai, China), wheat flour
(Bogasari Segitiga Biru, Jakarta, Indonesia), eggs, sugar
(Gulaku, Lampung, Indonesia), baking powder (Koepoe Koe-
poe, Jakarta, Indonesia), and sorbitan monostearate (span 60,
emulsifier) (Koepoe Koepoe, Jakarta, Indonesia). All chemicals
used were of analytical grade and were acquired from PT. Merck
Chemicals and Life Sciences (Darmstadt, Germany).

Preparation of the oleogel

The oleogel was prepared according to the procedures estab-
lished in our earlier studies®** which were commenced by
combining sardine fish oil with BW and RBW at concentrations
of 0%, 5%, 10%, 15%, and 20% (w/w). The mixture was heated
with a stirrer at 1000 rpm and a temperature of 100 °C for 15
minutes. The oleogel was left at room temperature until
complete gelation occurred, stored in a refrigerator (4-5 °C) for
24 hours, and transferred to room temperature for 1 hour before
analysis.

Characterisation of oleogels

Colour measurement. The colour parameters of oleogels and
sponge cakes (CIE L*, a*, and b*) were evaluated through image
processing methods using a camera (SM-A525F/DS) for
photography and Image] software for processing.”

0il binding capacity (OBC). OBC analysis was carried out by
centrifuging the oleogel at a speed of 10000 rpm for 15
minutes,*® using the equation below:

Mass of released oil(g)

% Oil rel =
7 Oil released Total mass of sample(g)

x 100

1024 | Sustainable Food Technol., 2024, 2, 1022-1032
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% OBC = 100 — % oil released

Preparation of sponge cakes

Sponge cake samples were prepared by mixing sugar (20 g), baking
powder (0.6 g), eggs (50 g), and emulsifier (span 60) (5 g) for 3
minutes at medium speed using a mixer based on the method of
Wettlaufer® with modifications. The mixture was expanded with
wheat flour (30 g), margarine, chocolate powder (5 g) and vanilla
powder (1 g). Before the application in the food model, we con-
ducted the masking process of the oleogel with another compound
to hide undesirable aroma or unpleasant taste from the fish oil.
We added garlic oil (2%),*® ginger essence (2%), and butter flavour
paste (1%) in the oleogel. The margarine in the batter was replaced
with the oleogel at 0% (100% commercial margarine), 25%, 50%,
and 75%. Subsequently, the sponge cake batter was placed into
a baking pan and baked for 20 minutes at 170 °C.

Characterisation of sponge cakes

Sensory evaluation of sponge cakes. The sensory evaluation
included 70 naive panellists (untrained or consumer panellists),
consisting of 21 males/49 females, aged between 19 and 25
years. Panellists used a nine-point hedonic scale, ranging from
1-Dislike extremely, 2-Dislike very much, 3-Dislike moderately,
4-Dislike slightly, 5-Neither like nor dislike, 6-Like slightly, 7-
Like moderately, 8-Like very much, and 9-Like extremely. The
parameters assessed were appearance, colour, odour, taste,
texture, roughness, moistness, smoothness, and acceptance.

Volume expansion of sponge cakes. The expansion test
procedure for sponge cakes was conducted according to Haj-
rah*® with modification. In this process, the cake was measured
using a stick inserted into the centre of the batter before and
after baking. The expansion percentage was calculated using
the following equation:

% Expansion =
Height after baking(cm) — Height before baking(cm)

1
Height before baking(cm) x 100

Pore distribution analysis. The internal porosity of the
sponge cake product was characterized by allowing the sample
to sit for 24 hours and cutting it vertically in half using a knife.*
The porous surface of the sample cross-section was photo-
graphed, followed by pore image analysis for pore count and
size using Image]J 1.52 software.

Texture profile analysis. Texture profile analysis was carried
out following the method by Demirkesen® with the aid of
a texture analyzer TA.XT Plus. The cake sample was continu-
ously compressed to 50% of its original height using a cylin-
drical probe with a diameter of 50 mm, as well as pre- and post-
test speeds of 1 mm s~ and 10 mm s~ ", respectively.

Proximate analysis. The proximate chemical analysis of
sponge cakes was carried out using the established standard
analytical procedure.** The moisture content was measured by
the gravimetric process. Crude lipid and total protein were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extracted using Soxhlet extraction and the Kjeldahl method,
respectively. Protein content was calculated using a conversion
factor of 6.25 for nitrogen, while the total carbohydrate content
was determined using the difference, expressed as 100 - %
protein - % fat — % moisture - % ash. All the final parameters
were calculated on a dry basis.

In vitro lipid digestibility. The sponge cake samples were cut
into approximately 2 mm long pieces using a knife and then
mixed until a texture resembling that of mashed potatoes was
obtained. Subsequently, the samples were subjected to diges-
tion using the INFOGEST standardized static in vitro — gastro-
intestinal digestion simulation**** with a few modifications.
The simulated salivary fluid (SSF), simulated gastric fluid (SGF),
and simulated intestinal fluid (SIF) were heated to 37 °C just
before in vitro digestion. The oral phase was initiated by adding
4 mL of SSF, 25 uL of 0.3 M CaCl,, and 975 pL of water to the
sample. The sample was then agitated continuously at
a temperature of 37 °C for a duration of 2 minutes. Subse-
quently, 8 mL of SGF, 5 pL of a 0.3 M CaCl, solution, and 667 uL
of an aqueous pepsin solution with an activity of 2000 U mL "
were added to the sample to create the final chyme. The gastric
phase was initiated by acidifying the solution to a pH of 3.0
using 1 M HCI and then increasing the volume to 20 mL with
water. The mixture was agitated consistently at a temperature of
37 °C for a duration of 2 hours. Following that, 8 mL of SIF, 4 uL
of a 0.3 M CacCl, solution, 5 mL of a lipase pancreatin solution
(made in SIF) with activity levels of 2000 and 100 U mL™*,
respectively, in the final mixture, and 3 mL of a 160 mM bile
extract (produced in SIF) were added to the sample. The intes-
tinal phase was initiated by adjusting the pH to 8.00 £+ 0.10
using 1 M NaOH and changing the volume to 40 mL with water.
The mixture was agitated consistently at a temperature of 37 °C
for a maximum duration of 2 hours. After in vitro digestion,
a 30 mL portion of the mixed micellar phase was obtained by
centrifugation at 30 000x g for 70 minutes.

The lipid digestibility or lipolysis of oleogels in sponge cakes
was assessed by quantifying the amount of free fatty acids
(FFAs) released during the intestinal phase of in vitro digestion.
The maximum percentage of free fatty acids (FFAs) released
during lipolysis was determined using the method previously
described by Ciuffarin.**

Total energy analysis. The calculation of food energy used
Atwater factors for carbohydrates, fats, and proteins. The energy
derived from fats was calculated based on the digestion of fats
by the body. In this analysis, the percentage of free fatty acids
(FFAs) released during in vitro lipolysis was calculated relative to
the total fat content measured in the proximate analysis,
denoted as ‘digested fat.’” Energy intake and reduction were
estimated on a wet basis for a 50 g serving size of sponge cake.
The final total energy intake (TEI) was determined using the
formula:

Total energy (kcal) = (carbohydrate mass (g) x 4.0 kcal g™ )
+ (protein mass (g) x 4.0 kcal g~') + (digested fat mass (g)
% 9.0 kcal g7")

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Sustainable Food Technology

Statistical analysis. Data distributions were analysed using
analysis of variance (ANOVA) with IBM SPSS Statistics for
Windows, Ver. 26 software (IBM Corp., Armonk, NY, USA). The
mean comparison was accomplished using Duncan's multiple
range tests (p < 0.05), with three replications for each evaluation
or treatment.

Results and discussion
Characterisation of fish oil

The byproduct of fish oil was determined to have a fatty acid
composition totalling around 93.34%. The profiling results
indicate that the percentages of monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs), and saturated
fatty acids (SFAs) were 18.01%, 5.94%, and 69.39% respectively.
Saturated fatty acids (SFAs) were the most abundant major
elements of sardine fish oil after the purification of poly-
unsaturated fatty acid (PUFA) fish oil. The components, espe-
cially SFAs, played a crucial role in establishing the basic
structure of the oleogel. SFA, with its extended aliphatic chains,
has exceptional gelling capabilities, allowing for the creation of
stable gels even at lower concentrations.*” In addition, free fatty
acid content, PV, p-anisidine value, and total oxidation, all other
parameters complied with the safety standards set by CODEX.*®
Furthermore, the samples did not contain any heavy metals.

Characterisation of oleogels

Visualization and colour profiles of oleogels. As shown in
Fig. 1A, the leftmost sample represented the control group,
which received no treatment with BW/RBW (0% concentration).
Fig. 1B shows the evaluation of oleogel gelation using the
inverse tube methodology for 1 hour at ambient temperature.
This method was used as a qualitative measure to distinguish
gelation states by observing the flow dynamics when samples
were subjected to tube inversion. Since inversion, BW and RBW
oleogels at 0%, 5%, 10%, and BW 15% showed rapid flow
tendencies. After one hour of gelation at room temperature, the
tube containing the 20% BW oleogel system exhibited a reversal
of the gel to a liquid-like material. The gel system exhibited
a gradual drop to the bottom, along with visible residues at the
border of the tube. Surprisingly, the non-uniform oleogel
structure showed that the 15% RBW oleogel concentration had
not reached complete gelation conditions but was able to
adhere to the upside of the tube, while the 20% RBW presented
a strong ability to generate a stable and compact gel matrix. This
indicated the capability of a 20% RBW concentration to
generate solid structures at room temperature. Furthermore,
each wax type had a varied minimum quantity required for the
production of cohesive solid structures.”” The colour variation
of oleogels is presented in Table 1.

As shown in Table 1, there were no significant differences in
colour qualities across the samples for L* and a* values. A
significant trend was observed in the b* values, which decreased
as oleogelator concentrations increased and turned more
yellow. In this study, the BW oleogel was white, but the RBW
oleogel was yellow due to the natural yellowish pigment of wax-

Sustainable Food Technol,, 2024, 2,1022-1032 | 1025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fb00239j

Open Access Article. Published on 05 aprila 2024. Downloaded on 27.8.2025 21:27:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Sustainable Food Technology

A 0% 5%

BW/RBW 0% BW 5% RBW 5%

Fig.1
gelation through the inverse tube method (t = 1 hour, 24 °C).

based substitution influencing the augmentation of the color-
ation.”® The previous study found that increasing the concen-
tration of RBW elevated the lightness of the oleogel, despite the
oil type but had no effect on a* and b*. This suggested that the
oil type influenced coloration® due to fish oil pigments such as
carotenoid and tocopherol.*®

0il binding capacity (OBC). OBC of oleogels is an important
characteristic for assessing their value in food applications.
Based on the results, RBW consistently showed the highest OBC
values for all concentrations. As shown in Table 1, the highest
OBC value (90.44 + 2.04%), was obtained in the 20% RBW, with
increasing concentrations causing a significant increase in the

Table 1 Colour profile and OBC of oleogels®

BW 10% RBW 10% BW 15%

View Article Online
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10% 15%

RBW 20%

RBW 15% BW 20%

(A) Oleogel formation of fish oil using BW and RBW at various concentrations (5%, 10%, 15%, and 20% (w/w)), and (B) assessment of oleogel

OBC value (p < 0.05). Previous reports**** showed a strong
relationship between the oleogel network and mechanical
strength in oil binding. Furthermore, it was discovered that
increasing the concentration of the oleogel improved viscosity,
structural compactness, and OBC.** The ability of the oleogel to
synthesize a more stable three-dimensional network was also
influenced by the fatty acid composition found in oil. Saturated
fatty acids (SFAs) were found to be more effective at forming an
established oleogel network.* Oil leaked in food products with
low oil binding capacity could have a negative impact on the
texture and sensory characteristics of the product.>* RBW 20%
was selected for the next oleogelator in the food model system

Oleogelator L* a* b* OBC (%)

RBW 5% 68.20 + 2.72% 4.68 + 1.99° 61.95 + 0.39¢ 38.67 + 2.91°
10% 66.86 =+ 4.24% 7.21 + 2.17° 58.36 + 1.82° 4 68.00 + 1.339 ¢
15% 64.83 + 3.84% 9.10 + 4.34° 50.59 =+ 6.98° 78.67 £ 0.67°
20% 58.82 + 2.46% 8.46 + 2.97% 44.40 + 2.98% 90.44 =+ 2.04%

BW 5% 66.86 + 3.27% 4.97 + 2.19° 60.13 + 1.92° 94 28.89 + 2.69%
10% 65.43 + 2.61% 6.39 + 0.74% 60.48 + 1.14°¢ 61.33 + 1.33¢
15% 62.03 + 2.18% 9.97 + 1.55° 56.34 + 0.81° 64.67 + 4.67° 9
20% 63.38 + 1.20° 1.89 + 0.65% 61.03 + 0.86° ¢ 71.33 + 3.71°

Control 0% 59.87 + 1.47 16.91 + 2.54 61.70 + 2.71 —

“ Different letters in the same column denote statistically significant differences (p < 0.05).

1026 | Sustainable Food Technol., 2024, 2, 1022-1032
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due to its effective and proper gelation properties and strong
ability to bind oil.

Characterisation of sponge cakes as a food model

Sensory evaluation of cakes. Table 2 shows an overview of the
sensory evaluations defined for various cake samples. The 25%
oleogel substitution sample had the highest acceptance scores,
followed by sponge cakes with 0%, 50%, and 75% oleogel
substitutes. The appearance, colour, texture, roughness,
moistness, and smoothness of sponge cakes with 25%, 50%,
and 75% oleogel replacements received ‘like moderately’ to ‘like
very much’ ratings. However, the sensory evaluation showed
that the presence of slight unpleasant odours at higher oleogel
substitution levels reduced panellists’ acceptance of the prod-
uct's odour (neither like nor dislike). This slight rancid odour
was caused by volatile compounds present in fish oil oleogels,
particularly polyunsaturated fatty acids (PUFAs).>

Overall, the panellists liked the texture of sponge cakes with
oleogel substitutes. Among the substitutions, the sponge cake
with a 25% oleogel obtained the most acceptance, while 0% and
50% generated comparable results, compared to the 75%
substitution. The appearance of larger and uniform pores was
associated with increased oleogel substitution levels. The
unequal dispersion of oleogels caused small aggregates to
agglomerate within the sponge cake batter. The uneven distri-
bution of air in the batter, which was not adequately stabilized
due to the lack of solid fat crystals in the batter network,
reduced consistency in size or porosity in the cake, as reported
by Patel.>® Despite the non-uniformity of these air pockets, the
cake remained less cohesive but was acceptable to panellists.
Although this evaluation indicated that the RBW oleogel func-
tioned effectively in sponge cakes, improvements were recom-
mended, particularly in flavour preferences.

Importantly, overall liking demonstrated that a 25% oleogel
substitution achieved comparable acceptance among panel-
lists. To maximize the oleogel concentration (>75% substitu-
tion) for commercial margarine, it is necessary to enhance the
masking process to mitigate the unpleasant fish oil odour. This
involves increasing the concentration of specific essences
sufficiently to neutralize the oil taste and odour. In fact, all the

Table 2 Hedonic analysis of sponge cakes®

Oleogel substitution (%)

Attribute 0 25 50 75

Appearance  8.16 + 0.79* 8.76 & 0.74® 7.70 £ 0.79° 7.50 & 0.89°
Colour 8.02 £ 0.82% 8.52 4+ 0.89° 7.60 & 0.81° 7.26 + 0.85°
Aroma 8.56 + 0.58% 7.58 + 1.16° 6.88 + 1.19° 5.48 + 1.03¢
Taste 8.46 + 0.58% 7.92 + 1.07° 6.46 + 0.99° 6.24 + 0.87°
Texture 8.12 + 0.87% 8.50 + 0.95° 7.44 + 0.81° 6.20 + 0.99°
Roughness  7.96 & 0.81* 7.24 + 0.89° 7.12 + 0.92°> 7.00 + 0.90°
Moistness  8.12 + 0.75% 7.54 + 0.95° 7.34 +0.94° 7.30 + 0.84°
Smoothness 8.16 4 0.65* 8.60 4+ 0.76* 7.52 + 0.89° 7.22 + 0.97°
Overall 8.38 + 0.53% 8.34 + 0.98% 7.10 + 0.99° 6.62 + 0.92¢

“ Different letters in the same row denote statistically significant
differences (p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oleogel-based systems that were reported had a maximum
integration of 50% in the food system.®****>® There is currently
no available report on the utilization of oleogels in food items
with a substitution rate over 50%. Interestingly, this oleogela-
tion technique with edible wax significantly reduces the fish
odour from fish oil. This realization not only utilizes the by-
product effectively but also initiates possibilities for fortifying
fish oil in a milder way. This initial screening demonstrates the
feasibility of incorporating this by-product into value-added
product development.

Colour parameters. The colour profile of sponge cakes with
varied oleogel substitution ratios is shown in Table 3. Specifi-
cally, the L* values (brightness, scale 0-100) of the samples with
25% and 50% oleogel substitutions were not significantly
different, while 75% substitution showed substantial variation.
The L* value of the 0% sample varied significantly from those of
the 25%, 50%, and 75% substitutions due to the yellowish
colour of RBW used, which increased the brightness value.

Previous studies regarding shortening substitution with wax-
based oleogels in cake samples increased L* values, while no
significant differences were observed in a* and b* values.”
Generally, colour is an attribute that improves consumer
acceptability of a product. In this study, the similarity in colour
properties between oleogel-containing cakes and the margarine
sample suggested that marine oil-based oleogels could be used
in the bakery industry.?

Volume and textural characteristics of sponge cakes.
According to Table 4, there were no significant differences in
the volume parameters between oleogel-containing cakes and
the margarine sample. Sponge cake batter was a more complex
water-in-oil (O/W) emulsion with distributed bubbles as the
discontinuous phase and an egg-sugar-water-fat mixture,
consisting of dispersed flour particles as the continuous phase.
When the temperature expands, fat particles attached to the
air-water interface melt, providing air bubbles to expand. The
presence of numerous fat particles allowed air bubbles to
develop without bursting.** Sponge cakes containing oleogels
had larger volumes compared to those with conventional
margarine. This result showed that a higher oleogel concen-
tration enhanced gas retention capability within the batter.

Table 4 summarizes the textural parameters obtained from
texture profile analysis, including hardness, springiness, cohe-
siveness, gumminess, and chewiness. The hardness of sponge
cakes with 25% and 50% RBW oleogel substitutions was not
statistically different from that of the 0% substitution, while

Table 3 Colour profile of sponge cakes®

Oleogel substitution

(%) L* a* b*
0 19.64 + 3.78°®  6.48 + 1.62° 6.34 &+ 2.41%
25 18.33 & 3.77% 9.57 + 0.71° 8.02 & 0.08%
50 18.06 + 1.42°  7.98 £2.23 %  8.93 + 3.26°
75 22.93 +3.45°  9.49 +1.58°  10.02 + 3.37°

“ Different letters in the same row denote statistically significant
differences (p < 0.05).
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Table 4 Texture profile and specific volume of cakes added with different levels of oleogel®
Oleogel substitution (%)

Parameter 0 25 50 75

Hardness (N) 6.33 + 0.48% 6.30 + 0.21% 6.15 =+ 0.47° 7.39 +0.31°
Springiness (mm) 25.00 & 0.27*® 25.55 + 0.24° 25.44 + 0.34° 24.74 + 0.33
Cohesiveness 0.47 + 0.00° 0.46 + 0.00° 0.47 + 0.00° 0.43 + 0.01°
Gumminess (N) 2.96 + 0.20° 2.93 4 0.11° 2.87 + 0.20° 3.19 + 0.14°
Chewiness (J) 73.84 + 4.21* 74.76 + 2.52% 73.04 + 5.25% 78.83 + 4.27%
Increasing volume of cake (%) 29.36 + 1.44% 34.07 + 5.04% 30.64 + 3.51% 29.68 + 4.29%

“ Different letters in the same row denote statistically significant differences (p < 0.05).

that of 75% substitution increased significantly (7.39 + 0.31 N).
Patel® found that oleogel-based cakes had a harder texture
compared to shortening-based cakes. This characteristic is
a physical indicator of cake products, which has a negative
effect on consumer acceptance.®® Furthermore, it was related to
the density of the cake, where a higher air bubble volume
during batter mixing led to reduced density and hardness.** In
oleogel-substituted cakes, increased hardness can be attributed
to a drop in batter viscosity, followed by a decrease in density
and air bubble count.”

The springiness values of sponge cakes with 25% and 50%
substitutions were not significantly different but showed
a decreasing value compared to 75% substitution. Cohesiveness
values of sponge cake samples with 0%, 25%, and 50% substi-
tutions were not statistically different, while 75% had a signifi-
cant decrease. According to Kim and co-workers,** substituting
50% canola oil with a carnauba wax-based oleogel resulted in
springiness and cohesiveness values, which were not signifi-
cantly different from those of commercial shortening. Springi-
ness values represent elasticity or the ability of a product to
recover to its initial structure after exposure to pressure.’
According to Adili,” a cake substituted with a 50% oleogel
containing 2% ethyl cellulose and 4% adipic acid had cohesive
values that were not significantly different from those of
commercial shortening. Cohesiveness ratings represent the
ability of a product to adapt to relative deformation during the
second cycle of deformation in comparison with resistance in
the first cycle.®

The chewiness values of the cake samples range from 2.87 +
0.20 to 3.19 = 0.14 J. In a previous study, it was discovered that
6% ethyl cellulose increased cake chewiness but did not show
any significant differences with 2% ethyl cellulose or 4% adipic
acid substitutions.” Chewiness refers to the amount of energy
required to chew food materials and is considered in food
manufacturing, depending on the target consumer class for the
end product.”

Pore evaluation of cakes. The distribution of pore size
diameters in sponge cakes as shown in Fig. 2 ranged from 0.01
to 0.4 cm. This result showed an increasing trend in the
distribution of pore diameters in sponge cakes toward larger-
sized fractions with high oleogel substitution ratios. Gener-
ally, pore size and distribution can affect the crumb structure,
softness, and moisture retention of the cake. Uniform pore

1028 | Sustainable Food Technol., 2024, 2, 1022-1032

distribution leads to a softer and more delicate crumb, while
uneven distribution results in a drier and less resilient texture.
Demirkesen and Mert* discovered higher pore diameters in
cakes containing candelilla wax and RBW oleogel. The gas
retention characteristics of RBW within the cake batter allowed
the air bubbles created during the baking process to resist
cracks. The uneven dispersion of the oleogel within the batter
contributed to the formation of larger pores in the sponge cake.
Meanwhile, a high substitution led to the formation of small
clusters of oleogels that solidified within the batter.

In vitro lipid digestion of sponge cakes. The lipolysis or lipid
digestibility of sponge cakes substituted by oleogels was
monitored by measuring the free fatty acid (FFA) released
during the intestinal phase of in vitro digestion (Fig. 3). The
total free fatty acid (FFA) release during intestinal digestion was
determined by measuring the maximal release after 2 hours of
digestion, consistent with a prior study.®

The FFA release did not reach a 100% rate, possibly due to
the selective hydrolysis carried out by lipase on specific types of
free fatty acids or triglycerides. Fig. 3 illustrates a significant
difference in the release of FFAs (free fatty acids) between the
sponge cake made with a 0% oleogel (using commercial
margarine), which achieved a 93% release, and the cakes made
with 25%, 50%, and 75% substitution, showing 87%, 72%, and
54% release of FFAs, respectively.

Wax esters, such as RBW, are esterified long-chain fatty
alcohols with long-chain fatty acids, which are poorly digested
by many mammals, including humans, and resistant to lipase
hydrolysis.** The addition of an RBW oleogelator resulted in
a reduction in the release of maximum free fatty acid (FFApay)
content. The presence of structured edible wax allowed lipase to
retain accessibility to its active sites, explaining this behaviour
when compared to a food model using commercial margarine.

Based on our findings, two potential processes could hinder
or slow down the lipid digestion process in sponge cakes
substituted with the oleogel. First, the crystal network may
restrict the accessibility of lipase to the lipid. Additionally, the
crystallization process of the oleogel may have an impact. The
oleogel is composed of needle-shaped crystals formed through
van der Waals interactions between long hydrocarbon chains
and polar ester groups, as previously described.®® These factors
could potentially impede the lipolysis process and/or reduce the
efficiency of fat digestion through lipase hydrolysis.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Scans of truncated sponge cakes with varying oleogels and (B) pore size distribution (PSD, as Feret diameter) of sponge cakes with

different levels of oleogel.
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Fig. 3 Total free fatty acids (FFAyay) released during in vitro intestinal
digestion of sponge cakes with various concentrations of oleogel
substitution. Different letters denote statistically significant differences
(o < 0.05).

Principally, additional research is required to examine the
effects of RBW oleogel-incorporating food products on lipid
digestion behaviours through in vivo clinical trials.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Proximate compound and energy intake of sponge cakes.
The proximate compound presented in Table 5 indicated that
the fat content of oleogel-substituted sponge cakes ranged from
31% to 36% and increased with higher substitution. The
elevation in oleogel substitution was due to the increase in RBW
content in the sponge cake. Wax-based oleogels comprised
various non-polar components, detected as fat in analyses.
Based on the results, RBW consists of several non-polar frac-
tions, such as wax esters (93.5%), free fatty acids (6%), hydro-
carbons (0.29%), and fatty alcohols (0.22%).°”*® The previous in
vitro test successfully revealed that approximately 62% of free
fatty acids were released and detected. This indicated that there
might be around 40% of undigested fat present in the sponge
cake system. Consequently, the increase in oleogel substitution
in the sponge cake resulted in undigested fat, ultimately leading
to a reduction in energy intake from the food. The previous
study also stated that RBW oleogels could reduce fat digestion,
decrease accumulation by reducing adipose tissue formation,
and enhance excretion through feces.’ This suggested the
potential of oleogels to reduce the ability of the body to digest
fats from the diet. The total calorie content of sponge cakes
decreased significantly as oleogel substitution increased, where
a14.26% reduction was achieved with 75% oleogel substitution.
This decrease in total energy was influenced by the lower
digestibility of the oleogel system.
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Table 5 Proximate compound?’ and energy intake®
Oleogel substitution (%)

Parameter 0 25 50 75

Ash (%) 1.89 £ 0.01° 1.57 4 0.03° 1.59 + 0.04° 1.32 + 0.01°
Fat (%) 31.10 + 0.13° 31.70 + 0.57° 34.10 + 0.31° 36.23 & 0.23°
Protein (%) 12.36 £ 0.10° 7.57 £ 0.37° 9.76 + 0.18" 10.14 + 0.29°
Carbohydrate (%) 54.66 + 0.36” 59.17 + 0.11° 54.55 + 0.28" 52.33 + 0.54°
Protein energy (kcal 50 g~ ) 17.95 + 0.07¢ 11.20 + 0.42° 14.30 + 0.28° 15.60 + 0.42°
Carbohydrate energy (kecal 50 g~*) 79.35 + 0.78° 87.50 + 0.56% 79.95 + 0.35% 80.60 + 0.71°

Fat energy? (kcal 50 g~ %)
Energy intake (kcal 50 g™ )
Energy reduces (%)

170.05 + 4.45¢
267.32 + 0.29¢
0.00 == 0.00

160.34 + 4.96°
259.02 + 3.93¢
3.11 £ 0.49

156.65 + 5.66°
250.90 + 1.31°
6,14 + 1.17

132.96 + 3.76%
229.19 + 0.88%
14.26 + 1.60

“ Different letters in the same row denote statistically significant differences (p < 0.05). ” Dry basis. ¢ Estimated on a wet basis per 50 g serving size of
sponge cake. ¢ Calculated from the proximate fat and FFAmy in vitro digestion result.

In addition, a considerable amount of FFAs continued to be
released and counted, contributing not only from the structured
fat but also from the fat content in eggs, chocolates, and other
cake ingredients. As a result, more than 50% of FFAs remained,
available for digestion in the gastrointestinal tract. In fact, there
is still a limitation on the clinically proven health benefits,
safety, and toxicity of oleogels.®® Moreover the high substantial
quantity of undigested fat poses notable health risks. Therefore,
the potential consequences of oleogel's reduced digestibility
vary depending on its specific application within the food
industry or specific consumer categories.

From a health perspective, diminished lipid digestibility may
trigger a feedback mechanism in the human body, inhibiting
food intake, expediting gastric emptying, and enhancing
satiety. These effects could indirectly impact eating behavior.”
Diaz-Ruiz and co-workers™ investigated the health benefits of
calorie restriction in vivo, including weight loss, enhanced
insulin sensitivity, decreased chronic inflammation, prevention
of cardiovascular and neurological disorders, as well as anti-
cancer protection. Consequently, reducing fat digestion capa-
bility in diets might be beneficial for preventing negative health
impacts.

Conclusions

In conclusion, this study demonstrated that the type and
concentration of oleogelator played a significant role in the
formation process of marine oleogels using fish oil derived from
the byproduct of the sardine canning industry, especially in
utilizing the SFA portion of the fish oil. Based on the results, the
oleogel with a 20% RBW concentration exhibited the most
effective gelling performance. Hedonic sensory evaluation of
the sponge cake indicated that a 25% substitution had high
acceptance and overall liking among the panellists. Impor-
tantly, substituting margarine with a 25% and 50% oleogel
concentration produced a sponge cake with physical properties
similar to those of commercial margarine. After 75% oleogel
substitution, the nutritional evaluation of the sponge cake
suggested a 14% reduction in total energy. Overall, it can be
concluded that the marine oleogel has the potential to partially

1030 | Sustainable Food Technol., 2024, 2, 1022-1032

substitute fat in the product matrix, hence enhancing the
nutritional profile. This is also achieved by mimicking the
rheological and textural properties of margarine. These findings
offer an opportunity to utilize fish canning by-products to
produce more value-added products, particularly addressing
SDG issues and promoting a more sustainable source of oil,
while also reducing margarine consumption. An optimization
study considering independent variables, such as the temper-
ature of the gelling point, mixing conditions, or any additive
materials, including antioxidants, can be crucial for obtaining
the most convenient results. Additionally, considering various
options such as utilizing different oleogelation methods such as
indirect gelation or emulsion templates can be beneficial for
generating and incorporating high-temperature-sensitive
nutrient components. Future investigations may explore incor-
porating other nutritional compounds or bioactive substances
into the marine oleogel scaffold to fortify value-added products
and assess their impact through in vivo studies.
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