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Abstract

Background: Okara is the main waste of soy processing and represents a large economic and
environmental burden. Nevertheless, the fiber and protein content of okara supports the upcycling of this
critical waste. This study aimed at assessing the potentialities of okara as innovative oil-structuring
ingredient.

Results: Structured emulsions containing up to 520 g oil kg'! and having oil holding capacity higher than
75% were prepared by high-shear mixing of okara with liquid oil. Microstructural analysis showed that
the oil phase was evenly distributed in the okara matrix, probably due to the emulsification ability of the
okara fiber-protein network. The performances of okara structured emulsions as palm margarine replacer
were tested in the preparation of sweet bread. Okara emulsions (500 g oil kg-") resulted not only in a
significant reduction of saturated fatty acids (> 50%), but also in an increased protein and fiber content.
Compared to the use of liquid oil solely, okara emulsions allowed reducing the oil released from bread
loaf. Bread containing okara emulsion also presented physical and sensory properties similar to those of
palm margarine bread, with the only exception of a more perceivable oiliness and rancid defect, which

are however easily preventable by applying proper formulation strategies.
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Conclusions: The use of okara as innovative ingredient for oil structuring would respond to the current
demand for sustainable heathy diets, based on clean label-foods with low-saturated fat content, and
increased protein and fiber supply. This approach would also allow the complete upcycling of this critical

waste.

Keywords: fruit and vegetable waste valorization, oil structuring, fat replacement, saturated fatty acids,

bakery products

1 Introduction

Okara is the main waste of soy processing industry and represents a large economic and environmental
burden. Okara tissue can be regarded as a complex network of fibers (400-600 g kg-! dry matter, d.m.)
and proteins (150-350 g kg-' d.m.), which embed a water phase (750-800 g kg™!), due to their high water-
holding capacity'. The fiber fraction is mainly represented by insoluble cellulose and hemicellulose, as
the soluble fraction is released during soy processing and ends up in soy milk or tofu?. As known, the
insoluble dietary fibre cannot be digested in the small intestine, but is fermented by microbes in the large
intestine, exerting a positive prebiotic function®. Since okara is most commonly separated from the soy
bean processing line after grinding and thermal treatment, the proteins found in okara are partially
denatured and strongly entrapped in the insoluble fibrous matrix'. The main okara proteins, 7S globulin
and 118 globulin, have been reported to present excellent nutritional value* and significant emulsifying
properties®. Despite the interesting structure and composition, okara is still scarcely used in the
preparation of food, being mostly used for animal feeding, composted into fertilizers or landfilled®.
Alternatively, okara is fractionated to obtain proteins applied in human foods’, which however leads to
the formation of a wet fiber residue. To meet the current need for upcycling strategies of the entire plant
matrices, okara could be exploited without fractionation to formulate foods with improved nutritional

profile and target structural properties. This strategy has been applied in bakery products, by replacing
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part of flour in the formulation with okara, without the need for extra water addition. For example,
Radoc¢aj and Dimi¢® evaluated the addition of wet okara to obtain a fiber and protein-enriched coconut
backed snack. Similarly, Park et al.’ developed gluten-free cookies.

High levels of saturated fats in the diet are known to be associated with an increased incidence of non-
communicable diseases such as cardiovascular diseases, obesity and type II diabetes!?. For this reason,
attention is being increasingly focused on the development of reformulation strategies able to improve
food nutritional profile and favour the transition to more sustainable diets. Nevertheless, the reduction of
saturated fats in foods is rather challenging, due to their pivotal role in both food structure and sensory
properties. Different approaches have been proposed in the literature to substitute fat while preserving
food quality attributes. Among them, the preparation of structured emulsions has been shown to be a
promising strategy, which allows to structure oil into solid-like materials presenting physical features
similar to those of hard-stock fats!!. Structured emulsions are most commonly based on the entrapment
of liquid oil into a structured continuous phase. The rheological properties of these materials are
controlled by the presence of gelling or viscosant polymers, with the support of appropriate emulsifying
agents, able to adsorb at the oil-water interface and stabilize it'2.

Proteins and polysaccharides (carbohydrates and fibers) play a key role in the formation and stabilization
of structured emulsions. Indeed, mixtures of these biopolymers are commonly used in a wide variety of
every day-use food structured emulsions such as mayonnaise, sauces and creams. Proteins are primarily
used as emulsifying agents: due to their amphiphilic nature, they adsorb at the oil-water interface,
favouring oil emulsification and stabilizing the final emulsion. The main technological role of
polysaccharides is instead to inhibit phase separation during storage. This effect is based on
polysaccharide ability to control the rheology of the aqueous continuous phase. Moreover, the nature and
strength of protein-protein, polysaccharide-polysaccharide and protein-polysaccharide interactions

contribute to further fine-tune the rheology and stability of the final emulsion'. In this regard, among



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Journal of the Science of Food and Agriculture Page 4 of 28

food structured emulsions, Pickering ones refer to emulsions stabilized by solid particles'*!”. The latter
present a certain wettability in both aqueous and oil phases but are insoluble in any of them. For this
reason, they can set at the oil-water interface and around the droplets to form a solid adsorption layer,
which provides a physical barrier to droplet flocculation and coalescence!s.

Proteins and fibers extracted from okara have been demonstrated to exert interesting emulsifying
properties>1¢. Based on these evidences, it can be inferred that the fiber-protein wet okara matrix could
be used to emulsify liquid oil, leading to its structuration. Nevertheless, to our knowledge, the
emulsifying ability of fresh okara without prior fractionation in its components, has never been tested.
By avoiding fractionation steps, this strategy would guarantee a complete upcycling of okara, without
further remaining residues. At the same time, it would allow obtaining oil-rich structured emulsions,
possibly exploitable as fat replacers able to address the current need for the development of foods with
lower saturated fat content and higher presence of proteins and fibers.

The present study aimed at assessing the potentialities of okara as innovative oil-structuring ingredient.
To this aim, structured emulsions were prepared by emulsifying industrially generated okara with
increasing sunflower oil amounts. In the first part of the work, the emulsions were analysed for
microstructure, rheological properties and oil holding capacity. Following, the performance of okara
structured emulsions as palm margarine replacer was tested in the preparation of sweet bread. To this
aim, the formulation of sweet bread containing palm margarine was modified by substituting margarine
with okara structured emulsion. Control bread samples were prepared using sunflower oil solely, and
okara and oil not previously emulsified. The obtained bread samples were compared for physical, sensory

and nutritional properties.
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2 Materials and Methods
2.1 Okara

Fresh soy okara (1 kg), kindly provided by the soy processing company Unigra (Conselice, Italy), was
frozen at -30 °C and, before use, thawed at 4 °C for 8 h and equilibrated at 20 °C for 2 h. The chemical
composition of the okara used in the experiments was previously characterized by Fayaz et al.'” and is
following reported: moisture 760 g kg-!; proteins 65 g kg™!; lipids 16 g kg'; total dietary fiber 125 g kg-

I; ashes 6 g kg!.
2.2 Okara emulsion preparation

Okara was added with an increasing amount of oil using a high-speed homogenizer (DI 25 basic, Ika-
Werke, Staufen, Germany) at 2,018 xg. In this way, solid emulsions with increasing concentrations of
sunflower oil were prepared. The composition of the prepared solid emulsions is shown in detail in Table

1.
2.3 Sweet bread preparation

Table 2 reports the formulation of bread dough samples. The ingredients were purchased in local stores
in Udine. The basic formulation of sweet bread dough samples contained palm margarine (PM) or
sunflower oil (SO). Samples containing okara were obtained by adding to the formulation okara and SO
either as separate ingredients (O + SO) or as an emulsion (500 g oil kg'!, OE). Substitution was performed
while maintaining constant the overall dough water content, thus taking into consideration the moisture
content of PM (190 g kg!) and okara (760 g kg™!), and the ratio among the other ingredients. The water
amount indicated in Table 2 is relevant to formulation water added during dough preparation. Water (at
30 £ 0.5 °C), and yeast were premixed 20 min (Cuisine Companion HF800, Moulinex, Milan, Italy),
added with the other ingredients and mixed 10 min (2 min at speed 2, 1 min at speed 3, 2 min at speed 4

and 5 min at speed 5). Subsequently, dough portions (500 g) were manually rounded, leavened in a cell
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114  at 30 °C and 80 ERH% (ST500, Pol-Eko-Aparatura S.P.J., Wodzslaw, Poland) for 60 min, baked (160
115 °C, 35 min) (10GN1/1, Air-O-Steam Touchline, Electrolux, Porcia, Italy) and cooled at room
116  temperature for 1 h?°. Five slices of 20 mm thickness were cut from the central portion of each loaf,

117  packed in high barrier plastic trays, and stored at 20 °C until analysis.
118 2.4  Image acquisition

119  Image acquisition was performed by a 550D digital camera (Canon Macro Lens EF-S, Tokyo, Japan, 60
120 mm 1:2,8 USM). Light was provided by 4100 W frosted photographic floodlights, in a position allowing
121 minimum shadow and glare, in particular the sample was enlightened by four lamps arranged in the front

122 and in the rear at both sides.
123 2.5 Confocal microscopy

124 A 0.2% aqueous solution (5 pL) of Fast Green and Nile Red was used to stain respectively the proteins
125  and the oil of the emulsion samples (0.15 g). After staining, the samples were gently mixed by hand, let
126  torest 10 min, placed on the microscope slide, covered with a cover slide and observed using a confocal
127  laser scanning microscope at 40x magnification (Leica TCS SP8 X confocal system, Leica
128  Microsystems, Wetzlar, Germany). Images were elaborated using the software LasX 3.5.5 (Leica

129 Microsystems, Wetzlar, Germany).
130 2.6  Oil holding capacity

131 Oil holding capacity (OHC) of okara emulsions was calculated as the percentage of oil held by the
132 samples after centrifugation at 15,000 xg for 5 min for 3 times at 20 °C (Mikro 20, Hettich Zentrifugen,
133 Tuttlingen, Germany). To this aim, a known amount of solid emulsion (0.5 g) was weighted in a 1.5 mL
134  tared Eppendorf tubes and centrifuged. Released oil was removed by turning upside down the Eppendorf
135  tubes and carefully draining tube walls with absorbent paper. The tubes were then weighted.

136
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2.7 Firmness

Bread firmness was measured at 20 °C using an Instron 4301 (Instron Ltd., High Wycombe, UK)
equipped with a 100 N load cell. Bread slices were punctured in the central part of the slice 5 mm with a
cylindrical probe of 12.7 mm diameter?!?2, Crosshead speed was set at 25 mm/min. Firmness (N) was

determined as the peak force recorded during the experiments.
2.8  Rheology

The rheological properties of okara emulsions were assessed at 20 °C using a RS6000 Rheometer
(Thermo Scientific RheoStress, Haake, Germany), equipped with a Peltier system for temperature
control. A parallel plate geometry was used, with 1.5 mm gap. To identify the linear viscoelastic region
(LVR), stress sweep tests were performed from 0.1 to 100 Pa at 1 Hz frequency. Frequency sweep tests

were performed from 10 to 0.1 Hz at a stress value identified within the LVR.
2.9  Colour

A tristimulus Chromameter-2-Reflectance colorimeter (Minolta, Osaka, Japan) with a CR-300 measuring
head, standardized against a white tile, was used and data were expressed in CIE L*, a* and b* scale
parameters. Bread samples were positioned on a black cardboard and the colorimeter head was placed
perpendicular to the sample surface. At least five measures were taken on different points of the central

part of the bread slices.
2.10  Specific volume

Loaf specific volume (cm? g-') was obtained by rapeseed displacement according to AOAC methods?.
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159  2.11 Moisture

160  Bread moisture content was calculated according to AOAC methods?®. Around 2 g sample was dried in

161  avacuum oven (1.32 kPa) (Vuotomatic 50, Bicasa, Milan, Italy) at 75 °C until constant weight (12 h).
162  2.12 QOil release

163 Oil released from bread samples was monitored at 20 °C by placing a 3 g bread portion from the central
164 part of the slice on a 20 cm diameter disk of filter paper (Whatman # 5, Whatman, Maidstone, UK) for 7
165  h. During this time, bread samples were removed from filter paper and weighted at defined time intervals.

166  Results were expressed as g of oil released by 100 g of bread.
167  2.13 Sensory analysis

168  The sensory descriptors relevant to appearance (colour, leavening), texture (firmness), taste (sweet, salty,
169  bitter), odour (vegetal, rancid) and flavour (vegetal, rancid, astringent, oily) of bread samples were
170  selected based on the study of Shin et al.>* and Plazzotta et al.?2. Twenty judges, not trained on sensory
171  analysis of bread but experts in the use of the selected sensory method, were asked to evaluate the
172 intensity of the descriptors in bread containing palm margarine, sunflower oil, unstructured sunflower
173 oil and okara, and okara emulsion, using palm margarine bread as reference. Samples were identified
174  with a three-digit random code, while the reference bread with “R”. Water was used to rinse mouth
175  among samples. A 1-9 point hedonic scale was used, in which 1 corresponded to “extremely low
176  descriptor intensity”, 9 to “extremely high descriptor intensity”, and 5 to the descriptor intensity of the

177  reference sample®.
178  2.14  Nutrient and caloric content

179  The nutrient (g kg'") and caloric content (kcal 100 g-! bread) of bread samples was estimated based on

180  the composition of okara and of the ingredients used in bread preparation, which was retrieved by the
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producer label. The caloric content was estimated based on the Atwater caloric values (4 kcal g for

carbohydrates and proteins, 9 kcal g'! for lipids).
2.15 Data analysis

Analyses were carried out at least three times on two replicated samples. Data were expressed as mean
+ standard deviation. Bartlett’s test, Tukey’s test and one-way ANOVA were performed using the

program R (The R foundation for statistics, v. 3.4.3).

3 Results and Discussion
3.1 Okara emulsions

In the first part of the study, the ability of fresh okara to structure and hold liquid oil was evaluated.
Figure 1 reports the images of the samples obtained by emulsification of okara with sunflower oil. Fresh
okara was not able to form a continuous matrix at oil concentrations lower than 300 g kg'!. Beyond this
oil content, solid-like systems with up to 520 g oil kg'! were obtained. By further increasing the oil
content, the system was no more able to embed the oil, leading to visible oil separation during
emulsification. The microstructure of the samples revealed that emulsified oil-in-water systems were
obtained (Figure 1). At 300 g kg™! oil content, the oil droplets were mainly embedded in the vegetable
matrix structure, composed by partly broken vegetable cells with the typical rectangular-like shape. Since
okara tissue mainly contains fibers strongly interacting with proteins, cell walls were efficaciously
marked by using protein dyes. As expected, in the images of the emulsions obtained at higher oil content,
the tissue structure appeared progressively less evident and less homogeneously distributed in the
emulsion (Figure 1). The change in polarity upon oil addition probably induced a local concentration of
the hydrophilic fibrous and protein tissue fragments in large aggregates. The increase of oil fraction also
caused a reduction in the homogeneity of oil droplet distribution in the system, as indicated by droplets

of higher dimension and large non-spherical oil areas, represented by non-emulsified or partially
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204  coalesced oil droplets (Figure 1). Nevertheless, oil droplets that not coalesced were efficaciously
205 embedded in the aqueous phase, due to the presence of okara fibers and proteins at the interface and
206  within the interstices among droplets. Okara components probably acted as emulsifying agents by
207  concomitant mechanisms. On the one hand, fibers could act as filler agents, able to both inactively clog
208  the continuous phase, and actively bind the water, being rich in hydrophilic residues. In this way, fibers
209  would increase water phase viscosity, thus hindering oil phase mobility and the consequent oil droplet
210  flocculation and coalescence rate. The swelling and water retention capacities of okara fibers have been
211  actually claimed to support their potential application as texturing additives?6. On the other hand, okara
212 proteins would chemically stabilize the oil-water interface, in agreement with literature data showing
213 their good emulsifying performances’. Finally, complexes of fibers and proteins would act as Pickering
214 agents, creating a physical adsorption layer at the oil-water interface, further contributing to the observed
215  oil structuring capability of okara. The used okara is in fact derived from the so called “Japanese” soy
216  processing method, based on grinding and heating of soy beans prior to okara separation!. This process
217  destroys the original vegetable tissue, leading to the formation of particles of fibers and partially
218  denatured proteins, intimately interacting. In this regard, Ashaoulu and Zhao!¢ exploited okara fiber-soy
219  protein conjugates as Pickering agents in the preparation of a highly stable emulsion.

220  To better understand the solid-like behaviour of the obtained emulsions, their rheological properties were
221  investigated. Okara and the emulsions containing at 100 g oil kg-! were not analysed since not forming a
222 continuous matrix. The curves from frequency sweeps (G’ and G” plotted against frequency) shown in
223 Supplementary Figure 1, suggest that the emulsion samples had reasonable gel strength with a slight
224  dependence of G’ on the applied frequency, and G’ higher than G” over the entire frequency range,
225  indicating a predominance of the solid response over the viscous one?’. Table 3 reports the values at 1
226  Hz frequency of elastic (G’), viscous (G’’) moduli, and loss tangent (tan o) of the okara emulsions at

227  increasing oil content. The obtained rheological parameters resulted in the range of those reported in the
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literature for structured emulsions intended as fat replacers. For example, a G’ value slightly higher than
1.0 x 103 Pa was reported by Patel et al.?® for structured emulsions containing triglyceride oil and
polyglycerol polyricinoleate in the oil phase and locust bean gum and carrageenan in the water phase.
Calligaris et al.?® developed a monoglyceride-based emulsion showing a G’ around 44 x 10° Pa.
Nevertheless, the oil structuring agents proposed in these literature examples fall into the category of
food additives, thus presenting specific usage limitations in foods (Reg EC 1333/2008)%°. Okara
emulsions would not present this issue, in line with the current demand of food companies for
reformulation strategies able to limit the use of additives, answering the increasing consumer demand for
clean-label products®'. As expected, the increase in oil content led to a reduction of system solid-
response, as indicated by the decrease in the G’ values (Table 3). Interestingly, the tan & values slightly
decreased with the oil content, indicating a higher system elasticity. This unexpected result can be
possibly attributed to the increase in the tendency of okara hydrophilic polymers to strongly interact
among each other as a response to the decreasing polarity of the system induced by oil addition. Oil
content increase was also associated with a decrease of emulsion oil holding capacity (OHC, Table 3).

Nevertheless, OHC never resulted lower than 75%, thus indicating a relatively high physical stability.
3.2 Bread containing okara emulsions

Based on the interesting properties of okara as oil-structuring agent (Figure 1, Table 3), in the second
part of the study, okara emulsions were tested as palm margarine replacers in the formulation of sweet
bread. To this aim, the okara emulsion containing 500 g oil kg-! was used. Table 4 reports the appearance
of sweet bread samples prepared with okara and liquid oil, either added separately (O + SO) or pre-
emulsified with oil into an okara emulsion (OE). Control samples containing sunflower oil solely (SO)
and palm margarine (PM) are also reported for comparison.

All samples showed a red point (a*) not significantly different and approaching the achromatic point,

and a brightness (L*) around 65. Regarding the yellowness (b*) of the samples, minor differences were
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252 found between PM and SO bread samples (Table 4). On the contrary, the presence of okara, both as a
253  non-pre-emulsified ingredient (O + SO sample) and as an emulsion (OE sample), caused a significant
254  increase in b* values. These differences are probably attributable to the original colour of okara. PM
255  bread showed an aerated and leavened appearance, while its substitution with SO led to a visibly lower
256  loaf volume, also confirmed by the lower specific volume (Table 4). This result can be attributed to the
257  fact that, differently from solid fat, liquid oil is not able to homogeneously spread over dough, hindering
258  the development of a well-aerated structure?!-3233, Moreover, the addition of liquid oil to baked good
259  dough has been associated with a decreased smearing of flour particles**. The concomitant presence of
260  okara and sunflower oil (O + SO sample) further reduced bread leavening, as shown by the significant
261  reduction in the specific volume, which also resulted in a firmness increase (Table 4). Literature results
262  actually demonstrate that the addition of vegetable flour might affect the moisture distribution in bread
263 dough, altering its leavening properties?>33-3¢, Similarly, the presence of okara fibres and proteins would
264  interrupt the gluten network continuity and compete with it for water??. As a result, water would be less
265 available for gluten-starch network formation, thus reducing dough elasticity, gas entrapment and
266  leavening capacity. Interestingly, when okara was pre-emulsified with oil (OE sample), a less
267  pronounced effect on volume development and firmness was observed (Table 4). This is possibly due to
268  the fact that the engagement of okara functional groups in oil-water interface stabilization would partially
269  modify its interaction with the other dough ingredients. In other words, if okara is added as an emulsion
270  during dough preparation, it would adsorb a lower amount of dough formulation water, with minor
271  impact on the formation of a hydrated starch-gluten network. Despite the different interaction of water
272 with the other dough ingredients depending on okara pre-emulsification with oil, the moisture of O + SO
273 and OE samples resulted comparable (Table 4), around 260 g kg'! bread. A similar moisture value was
274  also observed in the SO bread sample. By contrast, the bread sample prepared with palm margarine (PM)

275  presented a higher humidity, approaching 300 g kg'! bread. This may be due to the different ability of
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saturated fats to disperse in dough as compared to liquid oil, possibly favouring the formation of a
homogeneous lipid phase able to efficaciously retain water during baking?!.

The observed differences are expected to affect bread sample ability to efficaciously retain the lipidic
fraction. For this reason, bread samples were monitored for oil release (Figure 2). The PM and SO
samples showed the lowest and highest oil release, respectively. The higher oil release for the SO-
containing sample is likely due to the liquid nature of SO at room temperature, associated with its uneven
distribution in dough, as previously discussed in the literature?!. Bread samples containing okara (O +
SO and OE samples) showed lower oil release values as compared to SO bread (Figure 2), confirming
the high oil holding capacity of okara (Table 3). In addition, oil release from bread containing okara pre-
emulsified with oil (OE bread) resulted lower than that shown by the sample in which okara and oil were
added as separate ingredients (O + SO sample). This demonstrates that the preliminary formation of an
okara-oil emulsion further increases the oil holding ability of okara, probably allowing for a more
uniform distribution of the oil in bread dough. By contrast, when okara is added as a separate ingredient,
its fibers and proteins are most likely to bind dough water rather than stabilize the oil present in the
formulation.

In order to relate the results relevant to bread physical properties to its sensory attributes, sensory analysis
was carried out (Figure 3). The judges identified significant differences in colour, leavening and firmness
of bread samples, confirming the results reported in Table 4. Minor differences were detected by the
judges in terms of bread taste attributes, vegetal odour or flavour, and astringency, indicating that the
addition of okara did not confer peculiar soy-sensory notes to bread. Okara has been actually reported to
present a neutral taste and flavour, making it suitable for incorporation into food products?. By contrast,
independently on the presence of okara, the sensory score of oily flavour, defined as the mouth oiliness
perception, resulted higher for bread containing sunflower oil (SO, O + SO and OE samples) than for the

sample containing palm margarine (PM bread) (Figure 3). This is due to the absence of a crystalline
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300 network, typical of solid fats, promoting a more gradual release of the lipidic fraction in the mouth34.
301  Similarly, rancid odour and flavour in bread samples containing sunflower oil resulted significantly more
302  perceivable than in PM bread. This defect is commonly found in bakery products in which fats are
303  substituted with liquid oils, due to the high unsaturated fatty acid fraction, highly prone to oxidation®’.
304  Nevertheless, this defect can be easily controlled by a proper formulation, including antioxidant
305  compounds or further ingredients with intense flavour?’.

306  Finally, bread samples were compared in terms of nutritional value (Table 5). According to the work
307  aim, the substitution of palm margarine (PM sample) with sunflower oil (SO, O + SO and OE sample),
308 led to a significant decrease in bread saturated fatty acid content. Moreover, an increase in the amount of
309  proteins and fibres was also obtained by adding okara to bread formulation (O + SO and OE bread). In
310  particular, the fibre content of bread containing okara would allow the product to be associated with the

311  nutritional indication "source of fibre", in agreement with EU legislation (Reg EC 1924/2006)3.

312  Conclusions

313 The results achieved in this work show that the peculiar structure and composition of soy okara can be
314  exploited in the formulation of added-value functional foods. In particular, stable structured emulsions
315  containing up to 520 g oil kg'! can be prepared by high-shear mixing of okara with liquid oil. Okara
316  emulsions showed good performances as replacers of palm margarine in the production of sweet bread,
317  resulting not only in a significant reduction of saturated fatty acids, but also in an increased protein and
318  fiber content.

319  The use of protein and fiber rich okara as innovative ingredient for oil structuring would respond to the
320  current demand for heathy diets, based on foods with low-saturated fat content, and increased supply of
321  proteins and fibers. At the same time, a complete upcycling of this critical waste, with no need for

322 fractionation steps nor formation of remaining residues, would be achieved.
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These promising results support the study of the oil-structuring capacity of other protein and fiber rich
wastes, such as those deriving from the processing of other vegetable sources, including other pulses
(e.g., peas, lentils) or nuts (almonds, hazelnuts). The oil-structuring ability of wastes rich in proteins and
fiber could also be tested in the development of low-saturated fat foods other than bakery products. In
this regard, the application of this innovative fat replacement strategy would be particularly interesting
in foods with high solid fat content and requiring a fine-tuning of textural properties, such as spreads and
sauces.

It must be noted that fruit and vegetable waste upcycling as oil-structuring ingredients would require
significant changes in the companies generating the waste. In particular, waste should be diverted from
current management practices and redirected to the generation of a by-product with added value. To this
aim, companies should be organized so that the material is collected guaranteeing its safe use for human
consumption. The collected vegetable matrix should be stabilized for further processing into the oil-
structuring ingredient. Alternatively, the emulsion could be prepared before stabilisation. The choice of
the sequence of interventions and of the stabilisation technique would be strictly dependent on their effect
on the oil emulsification ability of the waste, as well as on the oil retention and rheological properties of
the final ingredient. Finally, since the oil-structuring ingredient would be used in sites other than those

where it is produced, the organization of a dedicated supply chain would be necessary.
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431  Figure legends

432 Figure 1. Appearance and microstructure of okara emulsions at increasing oil content; red=proteins;

433 green=oil.

434 Figure 2. Oil released from bread prepared with palm margarine (PM), sunflower oil (SO), okara and

435  sunflower oil (O+SO) and okara emulsion (OE), during 7 h storage.

436  Figure 3. Sensory scores of appearance, texture, taste, odour and flavour attributes of bread samples
437  prepared with palm margarine (PM), sunflower oil (SO), okara and sunflower oil (O+SO) and okara
438  emulsion (OE). 2: for each sensory attribute, means indicated by different letters are statistically different

439 (p<0.05).
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Figure 1. Appearance and microstructure of okara emulsions at increasing oil content; red=proteins;
green=oil.
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sunflower oil (O+SO) and okara emulsion (OE), during 7 h storage.
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emulsion (OE). 2°: for each sensory attribute, means indicated by different letters are statistically

different (p < 0.05).
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Table 1. Composition of okara solid emulsions.

Okara

Oil (g kg?)
Water (g kg) Dry matter (g kg?)

0 760 240
100 684 216
300 532 168
400 456 144
500 380 120

520 365 115
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Table 2. Composition of bread dough prepared with palm margarine (PM), sunflower oil (SO), okara

and sunflower oil (O+SO) and okara emulsion (OE).

Flour = Water Sugar Yeast Salt Palm margarine Sunflower oil Okara
Sample
(skg?) (gkg') (gks™) (gkg?) (skg?) (gkg?) (s kg?) (gkg™)
PM 493 187 71 10 8 231 0 0
SO 493 231 71 10 8 0 187 0
0+SO
451 92 71 10 8 0 184 184

OE 451 92 71 10 8 0 184 184
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Table 3. Elastic (G’), viscous (G’’) rheological moduli and loss tangent (tan 6) at 1 Hz frequency, and

oil holding capacity (OHC) of okara emulsions at increasing oil content.

Oil (gkg') G’ (Pax103) G”(Pax103) tané OHC (%)
300 51.59+3952 10.80+0.54@ 0.210+0.005® 99.9+0.1°
400 34.19+1.86° 6.83+0.39° 0.200+0.0012* 90.4+0.6°
500 31.83+1.44% 6.16+0.14° 0.194+0.0052° 84.7 +2.7"c
520 30.34+0.07° 5.74+0.16° 0.189+0.005° 76.9+3.8¢

a¢: means indicated by different letters are significantly different (p<<0.05)
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Table 4. Appearance, yellow point (b*), specific volume, firmness and moisture of bread samples

prepared with palm margarine (PM), sunflower oil (SO), okara and sunflower oil (O+SO) and okara

emulsion (OE).

Specific volume Firmness Moisture

Sample Appearance b*
(cm?g?) (N) (gkg™)
PM 19.3+0.6° 2.69+0.132 1.2+0.3° 285+ 32
SO 18.1+0.2° 2.13+0.14° 1.3+0.2° 267 +6°
0+S0 22.1+0.4° 1.25+0.10¢ 2.7+0.432 257 +5°
OE 22.3+0.4° 1.94+0.11° 1.8+0.2% 266+ 1°

a¢: in the same column, means indicated by different letters are statistically different (p<0.05)
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Table 5. Nutrient and energy content of bread prepared with palm margarine (PM), sunflower oil

(SO), okara and sunflower oil (O+SO) and okara emulsion (OE).

Sample PM SO 0+S0 OE
Carbohydrates (g kgt) 421 431 411 406
Lipids (g kg™) 195 200 201 199
of which saturated (g kg) 105 41 40 39
Proteins (g kg™) 54 56 64 63
Fibres (g kg?) 7 7 30 30

Caloric content (kcal 100 g) 366 375 371 366
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Supplementary Figure 1. Elastic (G”) and viscous (G’’) moduli versus frequency of okara emulsions at
increasing oil content.



