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hermal denaturation improved
emulsion-templated oleogelation and its cake-
baking application†

Yan Ran Tang and Supratim Ghosh *

The stability and viscoelasticity of an oil-in-water emulsion formed with canola proteins could be

significantly improved by heat-induced protein thermal denaturation followed by aggregation at the oil

droplet surface. This phenomenon was used to develop emulsion-templated oleogels with improved

rheology and used in cake baking. Canola oil (50 wt%)-in-water emulsions stabilized by 1 and 4 wt%

canola protein isolates (CPI), prepared by high-pressure homogenization, were dried at 60 �C in

a vacuum oven followed by shearing to create the oleogels. Before drying, the emulsions were heated

(90 �C for 30 min) to induce protein denaturation. The oleogel from 4 wt% CPI heated emulsions (HE)

exhibited the lowest oil loss, highest gel strength, firmness and stickiness compared to all other oleogels.

Cake batter prepared with shortening showed the lowest specific gravity, highest viscosity and storage

modulus compared to CPI oleogels. Confocal micrographs of shortening cake batters showed smaller

air bubbles entrapped in the continuous fat phase. In comparison, the oleogel cake batters showed

dispersion of larger air bubbles, oil droplets, and protein aggregates. The oleogel cake showed a darker

colour compared to the shortening cake due to the dark colour of CPI. Interestingly, oleogel cakes

showed lower hardness, higher cohesiveness and springiness than the shortening cake, which was

attributed to the higher cake volume of the former due to the formation of larger air channels stabilized

by canola proteins. In conclusion, CPI stabilized emulsion-templated oleogels could be used as

a potential shortening replacer in cake and other baking applications.
1. Introduction

Oleogelation is an approach where liquid oil is fabricated into
a gel-like structure without traditional saturated or trans-fat. It is
seen as an alternative to structure formation in unsaturated fatty
acid-rich oils to meet the zero-trans and low-saturated fat chal-
lenge.1,2 In oleogels, the traditional fat crystal network of satu-
rated fat-rich oils is replaced by molecular or polymeric gelators.
There are two approaches to oleogel development: direct and
indirect oleogelation.3–5 Direct oleogelation involves directly
mixing the liquid oil with oleogelators such as waxes or phytos-
terols at their melting temperature. Upon cooling, the oleogela-
tors crystallize or form structures that entrap the liquid oil within
the matrix, forming a self-supporting gel. Indirect approaches
such as foam and emulsion-templated oleogelation are used for
biopolymeric oleogelators, such as proteins and polysaccharides.
The biopolymeric oleogelators are rst used to stabilize foam or
emulsion so that their hydrophobic moieties are exposed.
, University of Saskatchewan, 51 Campus
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Subsequently, the aqueous phase of the system is removed
through drying, thereby forming the oleogel. In the foam-
templated approach, the liquid oil is added to the dried foam
to develop oleogels. In the emulsion-templated approach, the
dried emulsions are sheared to form homogeneous oleogels.6

However, the disintegration of the oil droplets structure during
drying and shearing remains a challenge for the emulsion-
templated oleogelation. Recent studies of emulsion-templated
oleogelation utilized protein–polysaccharides complexes as
oleogelators to improve their stability. For example, sodium
caseinate (SC) and alginate (ALG) complex,7 gelatin–tannic acid-
axseed gum complexe,8 soy protein and k-carrageenan
complex.9 Wijaya et al.7 reported the formation of stable oleogels
with high gel strength and high oil binding capacity using an
SC : ALG ratio of 12 : 1 at pH 7, which was ascribed to the
thickening effect of the SC : ALG mixtures at the interface
entrapping the oil within the network. Tavernier et al.9 observed
no oil leakage in their soy protein–k carrageenan stabilized
emulsion-templated oleogel aer several months of storage.
However, they reported a higher gel strength of the oleogel
stabilized solely with soy protein than the soy protein–k carra-
geenan complex, attributed to a different protein conformation at
the interface when it was complexed with k carrageenan. Other
than the complexes, polysaccharides, such as hydroxypropyl
RSC Adv., 2021, 11, 25141–25157 | 25141
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methylcellulose (HPMC),10 regenerated cellulose (RC) and car-
boxymethyl cellulose (CMC)11 were also used as oleogelators in
the emulsion-templated approach. Meng et al.10 used guar gum,
gum Arabic and xanthan gum as thickening agents to form
emulsion-templated oleogels with higher gel strength and lower
oil loss using HPMC as an emulsier. Shear thinning behaviour
was also commonly observed among the various oleogels.10–12

Patel13 investigated thixotropy recovery of oleogels which gave an
insight on the repeated applicability of oleogels as structured oil
in food. The emulsion-templated oleogels structured with HPMC,
cellulose and gelatin had shown signicant thixotropic recovery
with the highest recovery of 90% observed for HPMC and
methylcellulose-based oleogels.8,11,14 Emulsion-templated oleogel
structured with gelatin and xanthan gum exhibited partial
thixotropic recovery even at high temperature (80 �C).15 One
common factor in most emulsion-templated oleogel develop-
ment was the importance of fabricating strong interfacial layers
in emulsions so that the oil droplets' structure is stable against
coalescence during drying and shearing. In this respect, the plant
proteins' ability to undergo thermal denaturation followed by
aggregation at the oil droplet surface, thereby improving the
stability of the interface, has not been investigated. The present
work is focused on the thermal denaturation of canola proteins at
the oil droplet surface in improving the stability of the emulsion-
templated oleogels.

Cakes are one of the popular bakery products in the market.
Themain ingredients required for cake baking are our, sugar, fat,
emulsiers, leavening agent and water.16 Aer mixing, cake batter
can be considered as a complex mixture of air and oil-in-water
emulsion with dissolved and dispersed dry ingredients in the
continuous aqueous phase. Air incorporation was seen as one of
the most critical aspects in making a high-volume cake with
desirable texture. Among the ingredients, fat assists in the air
bubble's entrapment duringmixing and leaven the product during
baking.17 Shortening, which is formulated with blends of highly
saturated fats, and monoglycerides are commonly used in the
commercial production of cake. Apart from air entrapment,
shortening also tenderizes the crumb, retains moisture in the
product, and enhances the mouthfeel.16 Despite the wide appli-
cations of shortening in bakery products, the health concern of
using shortening had been rising due to the reported link of highly
saturated fat to cardiovascular diseases.18 Therefore, researchers
have been developing shortening replacers in baking with inulin,
vegetable oils and oleogels.19–21 The oleogels utilized in cake
baking were mainly wax-based20,22,23 and phytosterols-based oleo-
gels24 prepared using direct oleogelation. Application of emulsion-
templated oleogel as shortening replacer in a cake was reported by
Patel et al.25 and Luo et al.26 using methylcellulose and tea poly-
phenol–palmitate particles plus citrus pectin as emulsion stabi-
lizers and oleogelators, respectively. The sensory hedonic scores
for overall cake quality reported by Luo et al.26 were 21.5–27.6 for
the oleogel cakes and 32.0 for the butter cake. It was proposed that
the parameters that scored the lower score in the oleogel cakes
were texture, crust, and crumb colour, while the avour and odour
scores were comparable to the butter cake. The higher hardness of
the oleogel cakes was attributed to a lower air bubble incorpora-
tion in the batters and the cross-linked network of the citrus pectin
25142 | RSC Adv., 2021, 11, 25141–25157
in the batter. Patel et al.27 compared the texture of cakesmade with
butter, margarine, liquid oil and oleogels, over 3 days. Oleogel
cakes showed a comparable result to the shortening cake and
signicant improvement compared to the liquid oil cake in the
increase of hardness and chewiness over time, attributed to the
physical barrier formed by the oleogel that reduced the cross-
linking of the gluten network over time.28

The objectives of the present work was to utilize heat-
denatured canola protein isolate (CPI) as an oleogelator
through the emulsion-templated approach and then investigate
the oleogel-based cake batter, structure and texture in
comparison to traditional shortening. Canola proteins are
known for their heat-induced gelling properties and were widely
explored in the development of hydrogels.29–33 The gelling
mechanism of canola proteins relies on the protein denatur-
ation without splitting of disulphide bonds at its denaturation
temperature, forming a particulate fractal structure supporting
by the hydrophobic interactions, hydrogen bonds and disul-
phide bonds.30 However, canola proteins have never been used
to create gels in hydrophobic oil phases. In our previous study,
CPI was used to form a thick interfacial layer at the oil–water
interface, which stabilized concentrated oil-in-water emulsions
against coalescence during regular storage and heat treat-
ment.34 The heat treatment of CPI-stabilized emulsions induced
strong gelation due to protein aggregation at the oil droplet
surface and the continuous phase. Therefore, we hypothesized
that heat-denatured CPI's ability to form a dense and stable
interfacial network stabilizing the oil droplets could be
successfully utilized in the development of CPI-stabilized
emulsion-templated oleogels. The replacement of highly satu-
rated shortening by the CPI-based oleogel is expected to
signicantly improve the health benecial aspect of baking fat.
2. Materials and method
2.1 Materials

Canola protein isolate (CPI: 94.5% d.b. protein, 1.6% moisture,
0.7% ash, 1.0% lipid, and 2.2% carbohydrate) was isolated from
cold-pressed canola meal (donated by Pleasant Valley Oil Mills,
Alberta, Canada) according to the method described by Tang and
Ghosh.34 The ingredients used in cake baking, such as canola oil
(Great Value brand), vegetable oil shortening (Crisco brand,
composed of soybean oil, hydrogenated palm oil, modied palm
oil, mono and diglycerides, TBHQ and citric acid), granulated
sugar (Redpath, ON, Canada), baking powder (Magic baking
powder, KraGeneral Foods Canada Inc.), table salt (Windsor, QC,
Canada), all-purpose our (Robinhood Original All-Purpose Flour,
ON, Canada) were purchased from a local grocery store (Walmart,
Saskatoon, Canada). Milli-Q™ water (Millipore Corporation, MA,
USA) was used to prepare all the solutions. All other chemicals
were purchased from Sigma Aldrich (Oakville, ON, Canada).
2.2 Oleogels preparation with the emulsion-templated
approach

Oleogel was prepared with an emulsion-templated approach.
Oil-in-water (O/W) emulsions containing 50 wt% canola oil were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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prepared with 1 and 4 wt% CPI via six passes of high-pressure
homogenization at 20 000 psi (Emulsiex C3, Avestin Inc,
Ottawa, ON, Canada). In our previous study, 1, 2, 3 and 4 wt%
CPI was used to stabilize 50 wt% oil-in-water emulsions. The
droplet size were measured using a static laser diffraction
particle size analyzer (Mastersizer 2000, Malvern Instrument,
Montreal, QC, Canada).34 They were stable against coalescence
at all concentrations with 4 wt% CPI emulsions showed the
smallest droplet size and the highest gel strength.30 In the
present study, only 1 and 4 wt% CPI-stabilized oil-in-water
emulsions were used as a template for oleogelation. The
emulsions were heated at 90 �C for 30 min to ensure complete
protein denaturation and cooled down to room temperature
before drying. To conrm protein denaturation, thermal
behaviour of CPI was determined using a Differential Scanning
Calorimeter (DSC) (Fig. S1, ESI†). From the DSC thermogram, it
can be conrmed that holding the emulsion at 90 �C for 30 min,
would completely denature CPI. The rheological properties of
the heated emulsions were analyzed according to Tang et al.35

The heated (HE) and unheated emulsions (UE) were then dried
at 0.4 atm vacuum (Vacuum Oven 9630, National Appliance
Company, Portland, OR, USA) at 60 �C to constant weight.
Finally, the oleogels were formed by shearing the dried emul-
sions using a 250 W kitchen hand blender (Oster®, Canada)
until a homogenous texture was obtained.

2.3 Oil binding capacity

The oil binding capacity of the oleogels was evaluated according
to Marangoni et al.36 with slight modications. The oleogel
samples (approximately 2.5 g) were transferred to a 50 mL
centrifuge tube and centrifuged in DuPont Sorvall Instruments
Model RC-5C centrifuge at 10 000 rpm for 15 min. Aer
centrifugation, the released free oil at the surface was decanted,
and the weight of the centrifuge tube was measured. The
percentage oil loss was calculated by eqn (1):

Oil loss value ðOLÞ : Amount of oil loss ðW1 �W2Þ
Amount of oleogel ðW3Þ

� 100% (1)

where W1 is the total weight of the centrifuge tube with the
sample before centrifugation, W2 is the total weight of the
centrifuge tube with the sample aer decanting the oil released
from centrifugation. W3 is the weight of the oleogel sample.

2.4 Measurement of oil diffusion using PFG-NMR

The oil binding capacity of the oleogels in terms of oil diffusion
coefficient was measured using a pulse eld gradient (PFG)
NMR with stimulated echo pulse sequence.7 The NMR
measurements were performed at 23 �C with a Bruker Avance III
spectrometer (magnetic eld strength 14.1 T, corresponding to
a 1H frequency of 600.17 MHz), using a standard Bruker 5 mm
BBO probe with Z-gradient. The samples were lled into the
standard glass NMR tube (5 mm OD) without any deuterated
solvents. The 1H Diffusion-Ordered Spectroscopy (DOSY) data
were acquired using the stimulated echo pulse (STE) sequence
with bipolar gradient pulses. The detailed experimental
© 2021 The Author(s). Published by the Royal Society of Chemistry
parameters were as following: diffusion delay (D) of 200 ms,
diffusion gradient length (d) of 6 ms, 15 linear gradient incre-
ments with gradient strength (G) from 0.96 to 45.74 g cm�1, 16
scans for each spectrum with relaxation delay 12 s. The
combination of D and d was optimized to provide at least 95%
signal attenuation at the strongest gradient eld. The DOSY
data were analyzed using the Bruker Topspin soware (version
3.6). The diffusion coefficient, D, was calculated from the
equation below

I ¼ I0 exp[�g2d2(Gz)(D � d/3) � D] (2)

where I is the echo intensity measured aer the diffusion delay,
I0 is the echo intensity in the absence of the gradient pulse, the
gyromagnetic ratio, g of 1H is (2.675 � 108 s�1 T�1).
2.5 Rheological properties of oleogels

The rheological properties of the emulsions and oleogels were
measured using a rheometer (AR G2, TA instruments, Montreal,
QC, Canada) with a 40 mm cross-hatched parallel plate geom-
etry.37 The samples were loaded onto the Peltier plate using
a spatula. All the measurements were performed at 25 �C with
a geometry gap of 1000 mm. For the determination of visco-
elasticity, oscillatory strain sweep and frequency sweep were
performed. The oscillatory strain sweep was applied at the
constant frequency of 1 Hz and an increasing strain from 0.01%
to 1000%. The frequency sweep was performed at a constant
0.1% strain within the linear viscoelasticity region, increasing
frequency from 0.01 Hz to 100 Hz. The reversibility in the
viscoelastic behaviour of the oleogel was also determined by
repeating the strain sweep measurements using ascending,
descending and second ascending pathways. The viscosity was
measured by rotational shear using a cross-hatched parallel
plate geometry as a function of increasing shear rate from 0.01
s�1 to 200 s�1. To evaluate the structure recovery (thixotropy) at
a different shear rate, the samples were subjected to a 3-interval
thixotropy test where the samples were sheared at 0.1 s�1 for
600 s, followed by 10 s�1 for 600 s and again at 0.1 s�1 for 600 s.
The viscosity, storage modulus (G0) and loss modulus (G00) of the
samples were recorded with the TRIOS soware version
4.5.0.42498 (TA Instruments, Montreal, QC, Canada).
2.6 Texture analysis of oleogels

The hardness and cohesiveness of the oleogels were measured
using a texture analyzer (TA-Plus texture analyzer, Texture
Technologies Corp., South Hamilton, MA, USA) tted with
a conical spreadability test probe (TA-425 TTC spreadability
RIG) according to Mohanan et al.37 All the measurements were
taken in compression mode with a penetration depth of 65 mm,
test speed of 3 mm s�1 and post-test speed of 10 mm s�1. Before
the measurement, the samples were loaded and pressed gently
using a plastic spatula into the female cone to reduce air
incorporation as much as possible. Subsequently, the female
cone was xed on the bottom platform of the texture analyzer.
The male cone was to penetrate the sample and returned to the
initial position aer 65 mm penetration. A graph of force (g)
RSC Adv., 2021, 11, 25141–25157 | 25143
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versus time (s) was plotted during the measurement with the
Exponent soware version 6.1.16.0 (Stable Micro System,
Surrey, United Kingdom). The hardness and cohesiveness were
obtained from the maximum positive and negative force of the
graph.
2.7 Preparation and characterizations of cakes

2.7.1 Cake baking with oleogels. Cake samples were
prepared according to AACC38 approved method 10–90 with
modications described by Amoah et al.20 In brief, 100 g of all-
purpose our, 140 g of crystalline sugar, 50 g of fat, 12 g of non-
fat dried milk, 9 g of dried egg white powder, 3 g of NaCl, 6.25 g
of baking powder, and 175 g of water were used for the cake
preparation. The ingredients were mixed using a KitchenAid
Ultra Power Mixer (KitchenAid, Whirlpool Canada LP, Mis-
sissauga, ON) with a 4.5 qt (4.3 L) stationary bowl and rotating
stirrers. For the fat phase, different ingredients were used,
namely, shortening, canola oil and oleogels. First, the
shortening/canola oil/oleogel was creamed with sugar at speed
2 for 2 min and then mixed with water (42 g) for another 2 min.
Subsequently, the cream was mixed with all the dry ingredients
and remaining water for 1 min at speed 2, followed by contin-
uous mixing at speed 6 for 6 min. The batter was scraped down
to ensure even mixing at every 2 min interval. The cake batter
was then transferred to a muffin pan (1.5 � 7.24 � 12.500) and
baked at 375 �F (190.6 �C) for 15 min. Aer that, the cakes were
cooled down to room temperature and wrapped in plastic lm
and aluminum foil to store at room temperature. All the char-
acterizations of the cakes were carried out 24 h aer baking.

2.7.2 Cake batter specic gravity. The specic gravity of the
cake batter was measured from the ratio of the weight of the
cake batter in a measuring cup to the weight of water with the
same volume as described by Amoah et al.20

2.7.3 Cake batter rheology. The viscosity and viscoelasticity
of the cake batters were measured as described in Section 2.5.

2.7.4 Cake batter microstructure. The microstructure of
the cake batter was observed using a Nikon C2 microscope
(Nikon Inc., Mississauga, ON, Canada) with a combination of
543 nm and 633 nm lasers, a 10 � Plan APO VC (numerical
aperture 0.45) objective lens and 2.5 times digital zoom. The
cake batter was dyed with a mixture of uorescent dyes in
ethanol, consisting of 1 mg mL�1 of Nile red (excitation by
543 nm laser, emission collected in 573–613 nm range) and
1 mg mL�1 of fast green (0.01 wt%) (excitation by 633 nm laser,
emission collected using a 650 nm long-pass lter).39 Observa-
tion of the cake batter microstructure were performed 15 min
aer the dye was added to allow sufficient dye diffusion to the
target components.19

2.7.5 Colour analysis of cake batter and cake. The cake
batter and cake colour were measured using a Hunterlab Min-
iscan XE™ (Hunter Associates Laboratory, Inc., Reston, VA,
USA) using standard illuminant D and 65� observer angle. The
instrument was rst standardized with black and white tiles
before measurement. The cake batter was placed into a dispos-
able Petri dish (60 mm diameter) while the cake was cut verti-
cally at the middle and placed on top of a clear plastic lm
25144 | RSC Adv., 2021, 11, 25141–25157
above the light source. The parameters determined were L* (L*
¼ 0 [black]; L* ¼ 100 [white]), a* (�a* ¼ greenness; +a* ¼
redness), and b* (�b* ¼ blueness; +b* ¼ yellowness).

2.7.6 Cake specic volume. The volume of the cake was
measured by the rapeseed displacement method. The volume
difference of the rapeseed with and without the presence of cake
was measured using a 500 mL measuring cylinder. The specic
volume (mL g�1) of the cake was calculated by taking the ratio of
cake volume to its weight.40

2.7.7 Image analysis of the cellular structure of cake
crumb. Image analysis of the cake crumb cellular structure was
done according to Rodŕıguez-Garćıa et al.19 with slight modi-
cations. In brief, the cakes were cut in half, and the middle
section of the crumbs was scanned using a atbed scanner
(Brother DCP-L2540DW Compact Monochrome Laser Multi-
function, QC, Canada) with a resolution of 300 dpi. The scanned
images were analyzed using ImageJ (National Institutes of
Health, USA). The images were rst cropped into a 372 � 456
pixels rectangular section, then they were converted to 8 bits
palleted le, and nally, the images were binarized. The cell
density (number of cells per cropped image) and the cell area
percentage were calculated with the soware. The data was
obtained by analyzing 4 images from different samples for each
replicate.

2.7.8 Cake texture analysis. The texture prole of the cakes
was measured using a texture analyzer (TA-Plus texture
analyzer, Texture Technologies Corp., South Hamilton, MA,
USA) 24 h aer baking according to Mohanan et al.37 The cakes
were cut into 2 cm cubes and subjected to a 2-step compression
with a cylindrical probe (2.5 cm diameter) until 50% strain of
the original cake height. The test speed was 2 mm s�1, while the
pre and post-test speeds were 5 mm s�1. A graph of force (g)
versus time (s) was plotted during the measurement. The
hardness, springiness, cohesiveness and chewiness were
measured and calculated using the Exponent soware (version
6.1.16.0, Stable Micro System, Surrey, United Kingdom).
2.8 Statistical analysis

All experiments were conducted in triplicate. The results were
reported as mean � standard deviation. The results were
analyzed using an independent t-test and analysis of variance
(ANOVA) with a 95% condence level where p < 0.05 indicates
a signicant difference. The statistical analysis was done using
SPSS soware (v25, IBM, Armonk, NY, USA).
3. Results and discussion
3.1 Emulsions characterization

3.1.1 Emulsion droplet size distribution. The droplet size
distributions of 1 and 4 wt% CPI-stabilized emulsions were
multimodal (Fig. 1A), indicating high polydispersity. The large
peaks were at around 15 mm and 7 mm for 1 and 4 wt% CPI,
respectively, resulting from the droplet and protein aggregation.
To verify the presence of droplet aggregates, 1 wt% SDS was
added to the emulsions to disrupt any occulation. A shi in the
peaks towards small droplet size and reduction of peak width
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A and B) Droplet size distribution of freshly prepared emulsions stabilized with 1 and 4 wt% CPI in (A) original condition and (B) in the
presence of 1 wt% SDS. Volume average droplet diameters (d43) are shown on the size distribution graphs. (C–F) Viscoelasticity of 1 and 4 wt%
CPI-stabilized emulsions with (triangle symbols) and without (circle symbols) heat treatment. Data for storage modulus (G0, close symbols) and
loss modulus (G00, open symbols) as a function of (C and D) strain % and (E and F) frequency are shown for unheated emulsions (CB) and heated
emulsions (:O).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25141–25157 | 25145
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upon addition of 1% SDS would indicate occulated droplets in
the original emulsions. With the addition of 1 wt% SDS, the
large peak of the 1 wt% CPI-stabilized emulsions had shied to
around 10 mm with a narrower peak while the 4 wt% CPI-
stabilized emulsions became monomodal with a narrow peak
at 3 mm (Fig. 1B). The volume average aggregate size (d43) of the
emulsions showed that upon addition of SDS, the change in d43
of 1 wt% CPI-stabilized emulsions was not signicant (from
17.0 � 4.3 mm to 11.4 � 1.3 mm). However, a signicant reduc-
tion in d43 was observed in the 4 wt% CPI-stabilized emulsions,
from 19.0� 4.6 mmwithout SDS to 4.2� 0.3 mmwith SDS, which
indicates a smaller droplet size at higher CPI concentration,
although the droplets were extensively aggregated.

3.1.2 Heat-induced gelation in emulsion. Upon heating at
90 �C for 30 min, all emulsions turned into a strong self-
supporting gel. In the strain sweep measurements (Fig. 1C
and D), the heated emulsions showed a signicant increase in
G0 and G00 compared to the unheated emulsions for both 1 and
4 wt% CPI concentrations. The linear viscoelastic region (LVR)
of the heated emulsions also became longer, and the G0 values
of the heated 4 wt% CPI emulsions within the LVR reached 1.5
� 104 Pa. The unheated emulsions showed a two-step yielding
behaviour where the gel broke down into clusters, and then the
inter-droplets bonds were broken, resulting in two peaks in
G00.42 The yielding behaviour of the heated emulsions, however,
showed one-step yielding within the strain-rage studied. In this
case, it is possible that the second yielding step would have
happened at a higher stain beyond the experimental range.
Otherwise, the strong inter-droplet bonds within the heated
emulsions were holding the droplets rmly until a higher force
was applied, breaking the gel directly into individual droplets.43

Similar viscoelastic properties were observed in the frequency
sweep studies (Fig. 1E and F), where the heated emulsions
exhibited a higher G0 and G00 compared to the unheated emul-
sions. Unlike the unheated emulsions, both 1 and 4 wt% CPI
heated emulsions showed no crossover of G0 and G00 until
100 Hz. This behaviour showed amore robust gel network in the
heated emulsions than the unheated emulsions, which was
attributed to the protein aggregations aer heat treatment
above their denaturation temperature, forming a network of
protein and droplets aggregates.34 To verify, the peak denatur-
ation temperature of the CPI was determined using a differen-
tial scanning calorimeter, and a value of 84.2 �C was obtained
(Fig. S1†), which was also close to the values reported by Fola-
wiyo et al.33 (86 �C), and Kim et al.44 (87 �C). Therefore, heating
to 90 �C would certainly denature the canola proteins.
3.2 Visual observation of oleogels

The oleogels were formed by drying the emulsions. The
unheated emulsion (UE) oleogels exhibited liquid like texture,
most likely attributed to the destruction of the oil droplets due
to shearing, leading to the release of liquid oil (Fig. 2, top row).
The heated emulsions (HE) oleogels exhibited gel-like structure
aer shearing, where it can be observed that the 4 wt% CPI HE
oleogel was much rmer than the 1 wt% CPI HE oleogel (Fig. 2,
top row).
25146 | RSC Adv., 2021, 11, 25141–25157
3.3 Oleogel oil binding capacity

3.3.1 Determination of oleogel oil loss through centrifu-
gation method. The ability of the oleogels to retain oil within
their structure was measured by the oil loss under centrifugal
force (Fig. 2A). The oil loss % of the oleogels was calculated from
the amount of weakly bound oil separated from the oleogels
aer centrifugation. A lower oil loss indicates a better oil
binding capacity.45 The 1 wt% CPI UE oleogel showed the
highest while the 4 wt% CPI HE oleogels showed the lowest oil
loss. Both the 1 and 4 wt%HE oleogels exhibited signicantly (p
< 0.05) lower oil loss than the corresponding UE oleogels,
indicating heating of emulsions before drying improved the oil
binding capacity of the oleogels. During oleogel development,
two steps could lead to the release of oil from the emulsied
droplets. First, upon drying, the oil droplets were tightly packed
into a compact polygonal structure due to water evaporation
from the continuous phase.7 Second, the dried emulsions'
structure might get disrupted during shearing, which could
lead to oil droplet coalescence. Therefore, the lower oil loss
from the HE oleogels could be attributed to the formation of
stronger interfacial protein layers around the oil droplets as
a result of heat-induced protein denaturation and interfacial
aggregation as well as gelation of proteins in the continuous
phase withholding the oil droplets. To conrm the improved
interfacial strength of heat-denatured CPI, we have determined
the oil–water interfacial viscoelastic moduli of heated (90 �C, 30
min) and unheated CPI solution as a function of time at 0.1%
strain and 0.1 rad s�1 frequency using the methodology
described by Gadkari et al.46 As 1 or 4 wt% CPI solution would
transformed into a gel aer the heat treatment, a dilute
0.25 wt% CPI solution was used for this purpose. The details of
the methodology and the results are shown in Fig. S3 (ESI†). For
both heated and unheated CPI solution, G0 was higher than the
G00 for the entire time duration, indicating dominating elastic
nature of the CPI-interface. The G0 values of the heated CPI
solution interface was always higher (on average 1.7 times
higher) than the unheated CPI-interface. Moreover, average
tan d values of the heated CPI interface was 0.38 � 0.01,
compared to 0.56 � 0.04 for the unheated CPI interface, indi-
cating more stronger elastic nature of the former. We propose
that such stronger interfacial structure helped to stabilize the
droplets from structural disruption during drying and shearing
leading to the improved stability of HE oleogels compared to UE
oleogels.

3.3.2 Determination of oleogel oil diffusion coefficient by
PFG-NMR. Pulse eld gradient-NMR technique had been used
to study the self-diffusion coefficient in many systems in which
the molecules were able to diffuse without restriction.47 This
technique exploits the changes in the net magnetic moment
measured by the detector due to molecular diffusion when the
sample is subjected to a sequence of pulse-eld gradient stim-
ulated spin echo.48 Overall, bulk canola oil showed highest
diffusion coefficient (D ¼ 8.48 � 0.02 � 10�12 m2 s�1) while the
4 wt% CPI HE oleogel exhibited the lowest diffusion coefficient
(D ¼ 4.93 � 0.18 � 10�12 m2 s�1) (Fig. 2B). Both the HE oleogels
showed a lower diffusion coefficient than their corresponding
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02250d


Fig. 2 Visual appearance of oleogels from 1 and 4 wt% CPI-stabilized unheated (UE) and heated emulsions (HE) (top row). The oil binding
capacity of the oleogels was measured in two different ways: (A) oil loss% of oleogels after centrifugation at 10 000 rpm for 15 min, and (B) oil
diffusion coefficient in the oleogels measured by PFG-NMR. The solid line in (B) indicates the diffusion coefficient of the bulk canola oil (D¼ 8.48
� 0.02 � 10�12 m2 s�1). Different letters indicate significant difference (p < 0.05).
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UE oleogels (p < 0.05). In contrast, the 1 wt% CPI HE oleogel
showed no signicant difference in diffusion coefficient than
the 4 wt% CPI UE oleogel. The more hindered oil diffusion
behaviour of the oleogel than the bulk oil was also observed by
Wijaya et al.7 in their study of emulsion-templated oleogels
stabilized with sodium caseinate and alginate mixture at
different ratios, where the D values were ranged from about 6.75
to 7.5 � 10�12 m2 s�1. In the present case, the oil diffusion
coefficient of the 4 wt% CPI HE oleogel was lower compared to
the oleogels made by Wijaya et al.7 could be attributed to the
improved stabilization ability of heat-denatured canola proteins
compared to the sodium caseinate and alginate complex. The
authors also reported a higher oil diffusion coefficient in the
oleogels than the corresponding emulsions due to the disinte-
gration of oil droplets during shearing, which led to the release
of free oil.7 In the present case, the diffusion coefficient values
also followed the oil loss percentage obtained through the
centrifugation method (Fig. 2A and B); hence, both methods
could be used as an indirect way to study the oleogel oil binding
capacity.
3.4 Rheological properties of oleogels

3.4.1 Viscosity and thixotropic properties of oleogels. All
oleogels exhibited a shear thinning behaviour where the
viscosity decreased as a function of shear rate (Fig. 3A and B).
The HE oleogels showed higher viscosity than the UE oleogel at
all shear rates. The higher viscosity of the HE oleogels could be
© 2021 The Author(s). Published by the Royal Society of Chemistry
attributed to the protein aggregation around the oil droplets,
thereby retaining the droplet structure aer shearing. As the
shear rate increased, the aggregated oil droplets and proteins
got separated, leading to a lower viscosity. The ow behaviour of
the oleogels was modeled with a Power law (s ¼ Kg ̇n), where s is
the applied stress and g ̇ is the shear rate. The values of the
consistency coefficient (K) and ow behaviour index (n) was
calculated and shown in Fig. S4 (ESI†). Consistency coefficient
(K) is a measure of apparent viscosity at 1 s�1 shear rate, which
followed the similar trend observed in Fig. 3A. Higher values of
K was obtained for the oleogels from heated emulsions (HE
oleogel), compared to unheated emulsions (UE oleogel).
Increase in CPI concentration from 1 to 4 wt% also led to an
increase in the values of K. The ow behaviour index (n) is
a measure of pseudoplasticity, where lower values of n for HE
oleogels compared to UE oleogels indicate higher degree of
pseudoplasticity, which could be due to more structural
breakdown in the former.

Another critical property that affects the functionality of
oleogels in food products is their thixotropic recovery.13 In
thixotropic materials, structural strength or viscosity decreased
at a higher shear rate, still, the material should recover its
structure, at least partially, when the shear rate is lowered. To
gain insight into the oleogel structural recovery, a three-interval
thixotropy test (3-ITT) was performed according to Tavernier
et al.49 In this test, the viscosity was measured as a function of
three time-intervals (600 s) under low, high and again low values
RSC Adv., 2021, 11, 25141–25157 | 25147
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Fig. 3 (A and B) Viscosity as a function of shear rate and (C and D) thixotropic behaviour as a function of time with three different share rates 0.1
s�1 followed by 10 s�1 and again 0.1 s�1 (each 600 s) for 1 and 4wt% CPI-stabilized oleogels from unheated emulsions (UE) (darkerC) and heated
emulsions (HE) (lighter :).
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of constant shear rates (0.1, 10, 0.1 s�1). The 3-ITT results are
shown in Fig. 3C and D. The structural recovery ratio was
calculated by comparing the apparent viscosity at the end of the
rst time-interval (0.1 s�1) and at the end of the last time-
interval (0.1 s�1). The UE oleogels showed high structural
recovery values 93% and 94% for 1 wt% (Fig. 3C) and 4 wt% CPI
oleogels (Fig. 3D), respectively. The high structural recovery of
the UE oleogels could be resulted from the lack of stable oil
droplets in the structure and due to the presence of free liquid
oil (higher oil loss, Fig. 2A). Therefore, these values might not be
a good indicator of the structural recovery in the UE oleogels as
there was not a great extent of packed oil droplet structure to
begin with (visual observation in Fig. 2, top row).49 In contrast to
the UE oleogels, the HE oleogels had a lower structural recovery
with values 68% and 60% for 1 wt% (Fig. 3C) and 4 wt% CPI
(Fig. 3D), respectively. Previously, thixotropic recovery ranged
25148 | RSC Adv., 2021, 11, 25141–25157
from around 17% to above 75% was reported for various
emulsion-templated oleogels. For instance, Jiang et al.11 re-
ported above 75% recovery for their regenerated cellulose and
carboxymethyl cellulose-stabilized oleogels. Tavernier et al.49

investigated the effect of candelilla wax concentration in the
emulsion-templated oleogels stabilized by 2.5 wt% soy protein.
Though the overall structural recovery was lower than the other
literature values, the authors reported an increase in structural
recovery from 11% to 17% as the wax concentration increased
from 1 to 5%. Luo et al.26 also showed good recovery of the
structure in the thixotropy test of tea polyphenol palmitate
particles plus citrus pectin stabilized oleogels; however, no
exact values were reported. In the present case, thixotropic
recovery of the HE oleogels decreased when the protein
concentration increased from 1 to 4 wt%, which could be
attributed to the inability of the oleogel to recover the strong
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Oleogel viscoelasticity. Reversibility of oleogel viscoelasticity as a function of ascending ( ), descending ( ) and second ascending
( ) strain sweep for unheated (UE) (A, B) and heated (HE) (C, D) 1 and 4 wt% CPI-stabilized emulsions. (E) Storage moduli (G0) at 0.1% strain for
heated and unheated emulsions and their corresponding oleogels. (F, G) Storage (G0) and loss moduli (G00) as a function of frequency for UE ( )
and HE ( ) oleogels from 1 and 4 wt% CPI. Storage moduli are denoted with close symbols, while loss moduli are shown with open symbols.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25141–25157 | 25149
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Fig. 5 Texture parameters (firmness and stickiness) of the oleogels
from different emulsion templates. Different letters indicate significant
difference within the same parameters (p < 0.05).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:2

2:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
protein network structure in 4 wt% CPI oleogel compared to the
near-complete recovery of the weaker protein network structure
in 1 wt% CPI oleogel.

3.4.2 Viscoelasticity of oleogels. The viscoelastic properties
of the oleogels were characterized by the dynamic oscillatory
measurements (strain reversibility and frequency sweep)
(Fig. 4). In the strain reversibility study, the samples were sub-
jected to three cycles, starting from the rst ascending strain
sweep, followed by a descending strain sweep and a second
ascending strain sweep. The 1 wt% CPI UE oleogel showed
a weak gel behaviour where no linear viscoelastic region (LVR)
was observed in the rst ascending strain sweep. In the 1 wt%
CPI HE, 4 wt% CPI UE and HE oleogels, the values of G0 were
higher than G00 in the low-strain region before crossover, and
the LVRs were also observed between 0.01 to about 0.4% strain,
indicating strong gel structure. Beyond LVR, both G0 and G00

dropped, then went through a strain region where the values of
G0 and G00 remained similar, and aer that theG00 became higher
than G0, indicating gel breakdown. For the 4 wt% CPI UE oleogel
(Fig. 4B), a peak in G00 was observed at around 250% strain,
which could be due to a two-step yielding leading to a gel
breakdown and release of free liquid oil from the oleogel. Such
a peak in G00 at higher strain could not be seen in both the HE
oleogels (Fig. 4C and D), indicating improved structural stability
of the oleogels made from heat-treated emulsions. During the
descending strain sweep, all oleogels showed a loss in structural
recovery as the low-strain G0 was lower than the initial G0 values
during ascending strain sweep. The 4 wt% CPI UE oleogel
(Fig. 4B) showed the lowest G0 and G00 (only 3.0% recovery of G0)
with a very short LVR in the descending strain sweep, indicating
a loss of structure, which is consistent with the two-step yielding
behaviour discussed above. For both the HE oleogels, G0 values
in the LVR during the descending strain sweep were closer to
the original G0 values, and recovery was about 50.8% & 43.0% for
the 1 wt% (Fig. 4C) and 4 wt% CPI oleogels (Fig. 4D), respec-
tively. During the second ascending strain sweep, there were no
obvious changes in the gel behaviour compared to the
descending strain sweep cycle, although the viscoelastic
behaviour was much weaker than the original oleogels.

Emulsion-templated oleogels with gel strength ranged from
104 to 106 Pa was reported by various researchers. A common
trend was the increase in G0 with an increase in the oleogelator
concentration. In the present case, a maximum G0 of about 2.5
� 105 Pa was observed for the 4 wt% CPI HE oleogels. According
to Wijaya et al.,7 the highest G0 within the LVR was about 105 Pa
for the oleogels stabilized by sodium caseinate–alginate
complexes. Tavernier et al.9 reported the highest G0 between 105

Pa to 106 Pa in their emulsion-templated oleogels stabilized
with 2.5% soy protein. The variability of the oleogel gel
strengths among different studies could be attributed to various
factors such as emulsion preparation and stabilization, oleo-
gelator type and concentration, drying and shearing methods.

To directly compare the gel strength of the oleogels and the
corresponding emulsions from the present study, their G0

values at 0.1% strain were plotted in Fig. 4E. For the unheated
samples, emulsions' G0 values were not signicantly different
than the corresponding oleogels (p > 0.05). In contrast, for the
25150 | RSC Adv., 2021, 11, 25141–25157
4 wt% CPI heated samples, the oleogels showed a signicantly
higher G0 than the corresponding emulsions (p < 0.05). Its G0

value was also the highest (�2.5 � 105 Pa) among all the oleo-
gels and emulsions. The higher G0 of the oleogels than the
emulsions could result from the removal of water from the
continuous phase during drying, leading to the close-packed
structure and stronger network formation by the protein-
coated oil droplets and the aggregated proteins in the contin-
uous phase.7 Here, the strength of the protein interfacial layer
and its ability to fully cover the oil droplets are critical for
oleogel viscoelasticity because only the 4 wt% CPI oleogels with
heat-denatured protein-covered oil droplets showed an
increased gel strength compared to the emulsions.

In the frequency sweep viscoelasticity study, all oleogels
showed a higher G0 than G00 at all frequencies up to 100 Hz
(Fig. 4E and F). At 100 Hz, a crossover of G0 and G00 was observed
in the UE oleogels, indicating a gel breakdown at high-
frequency shear. The HE oleogels exhibited strong gel-like
behaviour with higher G0 and G00 than the UE oleogels at all
frequencies without any crossover, with the 4 wt% CPI HE
oleogels showed the highest G0 at about 105 Pa.
3.5 Texture analysis of oleogels

The texture parameters (rmness and stickiness) of the oleogels
are shown in Fig. 5. A graph of force versus time was plotted
during the measurement, and the positive maximum peak
height was taken as the rmness while the maximum negative
peak height was taken as stickiness.50 Firmness represents the
total amount of force required during the shearing process. In
contrast, stickiness represents the force necessary to overcome
the adhesive forces between the sample and the surface of the
probe with which the sample comes in contact.51 Overall, the
4 wt% CPI HE oleogel showed the highest rmness (47.5 � 16.7
N) and stickiness (34.8� 15.8 N). The rmness of the 4 wt% CPI
HE oleogel is comparable to the commercial shortening (46.5 �
1.03 N) reported by Mohanan et al.37 using a similar experi-
mental setup. For the 1 wt% CPI oleogels, there was no signif-
icant difference in rmness and stickiness between the UE and
HE samples (p > 0.05). For the 4 wt% CPI oleogels, both the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The images of the cake batters and cakes, specific gravities of cake batters, specific volumes (mL g�1) of cakes and the colour of the cake
batter and crumb of cakes made with different types of fat. Different letters in the same row indicate significantly different values (p < 0.05)

Shortening Canola oil UE oleogel HE oleogel

Batter

Specic gravity 1.01 � 0.02a 1.05 � 0.03ab 1.06 � 0.01ab 1.09 � 0.03b

Colour L* 84.51 � 3.60a 79.15 � 0.23b 69.29 � 2.20c 70.28 � 2.55c

Colour a* 0.44 � 0.54a �0.34 � 0.05b 1.82 � 0.23c 1.32 � 0.16c

Colour b* 15.03 � 0.50a 15.54 � 0.33a 20.63 � 0.87b 20.80 � 0.38b

Cake

Specic volume 1.50 � 0.09a 1.66 � 0.08b 1.73 � 0.09bc 1.82 � 0.12c

Colour L* 73.88 � 0.80a 80.31 � 0.74b 73.48 � 1.27a 71.72 � 0.82c

Colour a* �0.38 � 0.20a �0.63 � 0.02b 1.11 � 0.35c 1.13 � 0.18c

Colour b* 19.83 � 1.60a 17.77 � 0.21b 21.58 � 0.38c 21.33 � 0.34c
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rmness and stickiness of the HE sample were higher than that
of the UE sample (p < 0.05). The increase in rmness and
stickiness in the heated emulsions oleogels could be ascribed to
the strengthened protein network around the oil droplets from
the heat denaturation and subsequent aggregation. Upon
removing the water from the emulsions, the protein–protein
network further strengthened around the oil droplets due to
fewer protein–water interactions through hydrogen bonds.52

This can be seen from the one order of magnitude increase in
G0

LVR of the emulsions before and aer heat treatment (Fig. 1C
and D) and again in the corresponding oleogels (Fig. 4E). The
increase in gel strength of the oleogels also improved their
rmness. The stickiness of the oleogels could be due to the
change in hydrophobic interactions or hydrogen bonding from
the proteins. Yang et al.30 carried out the gel dissociation test to
understand the interactions involved in the canola protein
hydrogel. They had reported a sticky texture aer the gel was
immersed in urea for 48 h to disrupt the hydrogen bonds
among the proteins.
3.6 Characterization of cake batters prepared with different
types of baking fat

Since the 4 wt% CPI emulsion oleogels exhibited more desirable
characteristics (higher gel strength and lower oil loss), both the
UE and HE oleogels made from 4 wt% CPI emulsions were used
as baking fat in cake preparation. Shortening and canola oil was
also used as a control baking fat. The image of the cake batters
© 2021 The Author(s). Published by the Royal Society of Chemistry
aer mixing are shown in Table 1. The cake batter prepared
from the oleogels appeared to be darker than that of the
shortening and canola oil cake batters.

3.6.1 Rheology of cake batters. The viscoelastic properties
of the cake batters were studied by the oscillatory strain and
frequency sweep (Fig. 6A and B). In the strain sweep (Fig. 6A),
the shortening cake batter showed much higher G0 and G00 than
all the oleogels and canola oil cake batters, even though all of
them had a crossover at around 4.4 strain %. However, the LVR
of the shortening cake batter was the shortest, which indicates
the lowest yielding force of the gel structure. In the frequency
sweep (Fig. 6B), the shortening cake batter exhibited higher G0

and G00 at all frequency than the HE oleogel cake batter, while
the UE oleogel and canola oil showed the lowest G0 and G00. In
the viscosity analysis, all the cake batters exhibited a shear
thinning behaviour where the viscosity decreased as the shear
rate increased, which was commonly seen in cake batters.23,24

Both the shortening and HE oleogel cake batters showed
slightly higher viscosity than the rest of the batters at a lower
shear rate between 0.01 to 10 s�1. The higher viscosity and gel
strength of shortening cake batter might be attributed to the
presence of solid fat crystals24 and the entrapped air bubbles by
the shortening (will be discussed under microstructure), which
caused more frictional resistance to shear.53 The higher
viscosity and gel strength of the HE oleogel cake batter than the
UE oleogel and canola oil cake batters might be ascribed to the
high viscoelasticity of the HE oleogel. In the study of the
RSC Adv., 2021, 11, 25141–25157 | 25151
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Fig. 6 Viscoelasticity of the cake batters made with shortening ( ),
canola oil ( ), 4 wt% CPI unheated emulsion (UE) oleogel ( ) and
4 wt% CPI heated emulsion (HE) oleogel ( ) as a function of (A)
strain % and (B) frequency. Data for storage moduli (G0, close symbol)
and loss moduli (G00, open symbol) are shown. (C) Viscosity of the cake
batters made with different fats as a function of shear rate.
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utilization of beeswax oleogel-shortening mixtures in bakery
products, Demirkesen and Mert23 showed an increase in batter
viscosity as the shortening ratio in the fat phase increased. In
cake baking, an optimum viscosity of the cake batter is
required. Higher batter viscosity helps retain the air bubbles
incorporated during mixing; however, it might also restrict the
cake expansion during baking. On the contrary, if the batter
25152 | RSC Adv., 2021, 11, 25141–25157
viscosity is too low, it might not retain the air bubbles during
baking, thus resulting in lower cake volume.54

3.6.2 Microstructure of cake batters. In the confocal
micrographs, the fat phase of the shortening cake batter
(Fig. 7A) appeared as the continuous phase with numerous
small air bubbles entrapped within the fat matrix. For the
oleogels and canola oil cake batters, the fat phase was dispersed
around the protein's matrix as oil droplets, and the large air
bubbles were stabilized by the oil droplets and the proteins
(arrows in Fig. 7B and D). According to the cake batter confocal
micrograph reported by Rodŕıguez-Garćıa et al.,19 sunower oil
appeared as oil droplets dispersed in the batter. Hesso et al.55

also showed a dispersed fat phase in the rapeseed oil cake batter
and a more continuous fat phase in the milk fat cake batter.
Mohanan et al.37 also observed numerous air bubbles entrapped
in the shortening matrix of the cake batter. However, unlike the
dispersed oil droplets shown in Fig. 7 for the canola oil and
oleogel batters, the fat phase of their canola oil and pulse
protein foam-templated oleogel batter appeared to be a contin-
uous phase entrapping protein, our particles and air
bubbles.41 These different fat and air bubbles distributions in
the cake batters reported by various authors could be attributed
to the types of oleogel, oleogelators, and the mixing process,
which involved multi-stage mixing or single-stage mixing along
with various mixing speeds.16

Since fat enhances the batter aeration for leavening of cake
during baking, the specic gravity of the cake batter was
determined to understand the extent of aeration due to short-
ening replacement with oleogels.16 The specic gravity of the
shortening cake batter (1.01 � 0.02) was the lowest of all;
however, only the specic gravity of HE oleogel cake batter (1.09
� 0.03) was signicantly different than all the others (p < 0.05)
(Table 1). The mechanism of air bubble stabilization by short-
ening is different from canola oil and oleogels. The shortening
cake batter showed numerous small air bubbles entrapped in
the continuous fat phase (Fig. 7). The solid crystals and the
monoglyceride emulsiers present in the shortening helped to
stabilize a large number of air bubbles.17,56 Oleogels were able to
incorporate a lower amount and larger air bubbles compared to
shortening. Some air bubbles were also seen to be stabilized by
oil droplets (see arrows in Fig. 7B and C); however, oil droplets
were not as efficient as fat crystals and monoglycerides. Hence,
HE oleogel with a higher oil droplet stability was not capable of
stabilizing a large number of air bubbles (Fig. 7D). A higher
specic gravity of the oleogel cake batter than the shortening
cake had also been reported by Amoah et al.20 and Patel et al.25

3.6.3 Colour of cake batters. The effect of different fat
phases on the cake batter colour was also studied (Table 1). The
colour of the cake batter was measured by a colorimeter and
reported as a combination of L* (lightness/darkness),
a* (greenness/redness) and b* (blueness/yellowness). The
value of L* of the shortening cake batter (84.51 � 3.60) was the
highest (p < 0.05) while it was the lowest for the UE (69.29 �
2.20) and HE oleogels (70.28 � 2.55) cake batters, indicating
darker colour for the latter (Table 1). For the a* value, the UE
and HE oleogel showed the highest values, while the canola oil
cake batter exhibited the lowest values (p < 0.05). The b* values
© 2021 The Author(s). Published by the Royal Society of Chemistry
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were not signicantly different between the shortening and
canola oil and between the UE and HE oleogels (p > 0.05). Still,
the oleogels showed a higher b* than that of the shortening and
canola oil. Higher a* and b* indicate higher redness and yel-
lowness for the oleogel cake batters, respectively. The change of
colour in the cake batter could be ascribed to the presence of
canola protein which was dark brown due to the presence of
phenolic antioxidants.57
3.7 Evaluation of cake properties prepared with different
types of baking fat

3.7.1 Cake specic volume. All the cakes appeared golden
brown, with the oleogel-based cakes showing a higher rise than
Fig. 7 Confocal micrograph of cake batters made with different types of
phase is shownwith red, while the proteins are shown in green. Yellow co
Air bubbles are appeared as circular black spheres. White arrows show th
Scale bar 200 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the others (Table 1). The specic volume of the cake was
calculated by taking the ratio of the cake volume to its weight.
The specic volume of the shortening cake (1.50� 0.09 mL g�1)
is signicantly lower than that of the canola oil cake (1.66 �
0.08 mL g�1) and oleogels cake (p < 0.05), while the HE oleogel
cake exhibited the highest specic volume (1.82 � 0.12 mL g�1)
among all (Table 1). The nal cake volume depends on the
initial air incorporation during mixing and the stability of the
air bubbles during baking.17 In this case, the shortening batter
showed higher air incorporation (lower specic gravity);
however, the nal cake specic volume was lower than the
oleogel cakes. A higher specic volume of a cake could be
ascribed to its stability against bubble collapse during the
fat: (A) shortening, (B) canola oil, (C) UE oleogel, and (D) HE oleogel. Fat
lour regions are combination of signal from of both the fat and proteins.
e large air bubbles were stabilized by the oil droplets and the proteins.

RSC Adv., 2021, 11, 25141–25157 | 25153
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cooling and structure setting process. Wilderjans et al.58 re-
ported that more protein aggregation helped stabilize the cake
structure against collapse due to the formation of the stronger
cell walls. Hence, canola protein aggregates in the oleogel cakes
could form a stronger protein-starch network during baking,
strengthening the cake structure during cooling, and rendered
a higher specic volume. Although the HE oleogels had more
protein aggregation due to the initial heat treatment, during
baking, the temperature reached 190 �C, which was enough to
induce protein denaturation in the UE oleogel cakes as well
leading to the formation of a stronger protein network around
the air bubbles.

3.7.2 Cake colour. From the colour analysis of the cakes'
internal cross-section, the L* value was the highest for the
canola oil cake (80.31 � 0.74) while it was the lowest for the HE
oleogel cake (71.72 � 0.82). The L* value of the cakes prepared
with shortening and UE oleogel were not signicantly different
(p > 0.05). For a* and b* values, shortening and canola oil cakes
were signicantly different (p < 0.05); however, the UE and HE
oleogel cakes had signicantly higher a* and b* values than the
shortening and canola oil cakes due to the presence of canola
protein which caused a darker colour in the cake batters as
mentioned above.

3.7.3 Cake texture prole analysis. Fig. 8 showed the result
of the texture prole analysis of the cakes using a two-step
compression test. Hardness, chewiness, springiness and cohe-
siveness values were calculated from the force vs. time graph.
Hardness is dened as the maximum force obtained during the
rst compression curve. In the present study, the hardness of
Fig. 8 Texture parameters (A) hardness, (B) springiness, (C) cohesiveness
letters indicate significant difference (p < 0.05).

25154 | RSC Adv., 2021, 11, 25141–25157
the shortening cake was signicantly higher than that of the
canola oil and oleogel cakes (p < 0.05). To understand the
relationship between the cake hardness and the cake volume,
they were plotted against each other in Fig. S2 (ESI†). The trend
suggests that the cake hardness reduction was associated with
an increase in cake volume. It showed an R2 value of 0.67,
indicating more than half of the variability in hardness could be
attributed to the changes in the cake volume. It has been
established that higher cake volume is usually associated with
lower hardness.59 Zhou et al.60 also reported a similar relation-
ship of cake volume and the cake hardness when using different
types of shortening and liquid vegetable oil with various
emulsiers as fat phase; however, they reported a lower R2 value
of 0.47. In the present case, canola proteins in the oleogels
could be associated with improved structure formation around
the air bubble, thereby increasing cake volume and reducing
hardness.

Springiness (Fig. 8B) indicates a cake's ability to recover to its
initial height between the two compression cycles. Although it
is signicantly different, the shortening cake's springiness (0.97
� 0.01) was almost similar to the canola oil and oleogel cakes
(0.96 � 0.004). The cohesiveness (Fig. 8C) of the cake was
calculated from the ratio of the second peak area to the rst
peak area in the force versus time graph. It gives an indication of
the crumbliness or perceptions of denseness in the sensory
studies.61 The cohesiveness of the shortening cake was lower
than that of the canola oil and oleogel cakes (p < 0.05), sug-
gesting less crumbliness for the shortening cake. Chewiness
(Fig. 8D) is a function of hardness, springiness and
, (D) chewiness of cakes prepared with different types of fats. Different

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cellular structure of the cakes crumbs baked with (A) shortening, (B) canola oil, (C) UE oleogel, (D) HE oleogel as fat phase. Top row:
scanned cake crumbs, middle row: binary images of the scanned crumbs. (E) Total air cell area of the cake crumbs prepared with different fat
types calculated from the binary images using ImageJ software.
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cohesiveness. The shortening, canola oil and UE oleogel cakes
exhibited higher chewiness with values ranged from 6.44 �
0.96 N to 7.09 � 0.86 N. In comparison, the HE oleogel cake
showed a signicantly lower chewiness (5.86 � 1.00 N) than the
shortening cake (p < 0.05), but it was similar to the canola oil
and UE-oleogel cakes (p > 0.05).

To understand the origin of higher cake volume in the HE
oleogel cake, the internal cellular structure of the cakes was
recorded, and the cell area percentages were calculated by
analyzing the binary images (Fig. 9). The shortening cake
showed the highest cell area percentage, which could be
attributed to stabilization of numerous air bubbles by the fat
crystals and monoglycerides present in the shortening batter
microstructure (Fig. 7A). In contrast, the lowest cell area
percentage of canola oil and HE oleogel cake can be attributed
to a lower amount air bubbles poorly stabilized by oil droplets
and proteins, as observed in the batter microstructure (Fig. 7B–
D). Although a higher air cell area percentage oen resulted in
a higher specic volume,20,62 this correlation was not observed
in this study. The shortening cake showed a lower specic
© 2021 The Author(s). Published by the Royal Society of Chemistry
volume despite having a higher cell area percentage, while the
HE oleogel cake showed a higher specic volume despite
a lower cell area percentage. Such difference could be partially
attributed to the different batter microstructure and the
different mechanism of air bubble stabilization in shortening
and oleogel cakes (Fig. 7). According to Matsakidou et al.,63

continuous bubble channels are essential in maintaining the
cake volume during cooling. During cake baking, the starch
granules gelatinized and the protein aggregated, the batter
transformed into a solid foam leading to the cake structure
formation.16 Simultaneously, the high temperature in the cake
also caused the air cells to expand, ruptured and coalesced.
These big bubbles could rapidly oat to the surface and
disappear; however, if the cake structure was set before the
bubble dispersion, the big air bubbles would form tunnels in
the cakes.17 As shown in Fig. 9D, continuous channels (shown
with arrows) were observed in the HE oleogel cake, possibly due
to the stabilization effect of denatured aggregated canola
proteins, contributing to the higher specic volume despite
RSC Adv., 2021, 11, 25141–25157 | 25155
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a lower total cell area percentage. Higher specic volume of HE
oleogel cake led to lower hardness than the shortening cake.
4. Conclusions

In conclusion, protein isolate extracted from cold-pressed
canola meal was successfully utilized to develop emulsion-
templated oleogels. Heated and unheated 1 and 4 wt% CPI-
stabilized 50 wt% oil-in-water emulsions were vacuum dried
to remove water, followed by shearing to create a homogeneous
texture of the oleogels. Heated emulsions exhibited better
structure formation in the oleogels with signicantly lower oil
loss and higher gel strength than the oleogels developed from
unheated emulsions, which were ascribed to heat-induced
canola protein denaturation and aggregation at the oil droplet
surface and in the continuous phase. Among all, the 4 wt% CPI
HE oleogel exhibited superior characteristics in terms of gel-like
structure, lowest oil loss, higher viscosity and viscoelasticity,
and higher rmness and cohesiveness. Therefore, complete
replacement of highly saturated shortening with the 4 wt% CPI
UE and HE oleogels in cake baking was investigated. Despite
having a higher specic gravity of the batter and the lower air
cell area of the cake crumb, the HE oleogel cake exhibited
higher cake specic volume than the shortening cake due to the
formation of larger air channels in the cake stabilized by the
presence of aggregated canola proteins. Both UE and HE oleo-
gels cakes exhibited lower hardness, higher springiness and
cohesiveness than the shortening cake, which was attributed to
higher cake volume in the presence of canola protein-stabilized
oleogels. Overall, the present study showed the potential of
heat-denatured CPI in forming stable oleogels via the emulsion-
templated method and the ability of the CPI oleogels to replace
conventional highly saturated shortening in cake baking.
Successful application such oleogel to replace saturated fat in
baking would signicantly improve the health benecial
aspects of processed food.
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