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1. Introduction
Shortening is a functional ingredient that has been widely used in food products including aerated baked products, ice cream, cream fillings, and baked confectionary. Under the new rule from the FDA, partially hydrogenated oils (PHOs), the core source to manufacture shortening, are no longer “Generally Recognized as Safe” (GRAS) and cannot be added to foods after June 18, 2018 5. In order to comply with the new regulation, the baking industry starts to replace PHOs by palm oil and coconut oil. However, Dietary Guidelines for Americans (2015-2020) and the new Scientific Report of the Dietary Guidelines committee (2015) both recommend that consumers increase consumption of polyunsaturated fats and decrease consumption of saturated fats to decrease risk for coronary heart disease (CHD). The association of high dietary saturated fat with increased risk of CHD suggests that improving the nutritional profiles of foods by substituting their saturated fat with unsaturated fat could have an important and positive impact on consumer health. Certainly, the replacement of PHOs by palm or coconut oil is not a promising means since both oils contain extremely high amounts of saturated fats. As a matter of course, food manufacturers and scientists are seeking for the alternative approaches that can replace PHOs and produce shortening that can mimic the physical properties of PHOs-based shortening while maintaining the balanced fatty acid profile. 
The overall goal of this research is to develop solid-like soybean oil that can be used to replace partially hydrogenated soybean oil in bakery industry. The project fabricated soybean oil oleogels using beta-sitosterols (BS) and/or monoacylglycerol (MAG), and compared their physical properties and cookie-making performance with the ones prepared using commercial shortenings. If liquid soybean oil can be structured to possess plastic properties similar to commercial vegetable shortenings while maintaining its unsaturated fats nature, the usage of oleogels in baking industry will be prevailing.
2. Research methods
[bookmark: OLE_LINK35][bookmark: OLE_LINK62]Preparation of soybean oil oleogels: Soybean oleogels were prepared by using either BS or MAG, or the combination of both at an equal ratio. The final concentration of gelator in oleogels was 10 wt%. The gelator was added into glass beakers containing crude or refined soybean oil, and the mixture was heated above melting temperature under continuous stirring to ensure the fully melt. The homogenous liquid oil mixture was cooled at room temperature for 20 min. The samples were finally stored at 5 °C for 7 days before characterization. Samples containing 10 wt% BS, 5 wt% BS and 5 wt% MAG, and 10 wt% MAG in crude soybean oil were named as CSO-1, CSO-2, and CSO-3, respectively; while in refined soybean oil were named as RSO-1, RSO-2, and RSO-3, respectively.
Characterization of soybean oleogeals: The thermal and physical characteristics of oleogels are investigated using differential scanning calorimetry (DSC), rheometer, x-ray diffraction (XRD), polarized light microscopy (PLM), and texture analyzer. 
Cookie making: As a common aerated baked good, cookies are made with oleogels and the physical properties of which were compared with that made with commercial vegetable shortenings. 
3. Research results
1) The formation of soybean oil oleogels using different gelators
Table 1 Experimental design of soybean oil oleogel formation
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Fig 1 The appearance of soybean oleogels
Three different types of gelators, including monoglycerides (MAG), beta-sitosterol (BG), gamma-oryzanol (GO), and there combinations (10:0, 8:2, 6:4, 4:6, 2:8, 0:10) were used to form soybean oil oleogel at a fixed gelator concentration of 10 wt% (Table 1).
An opaque soybean oleogel was observed when BG is combined with MAG (Fig 1, 1-6), whereas a transparent oleogels were formed when BG is combined with GO (Fig 1, 7-10). However, GO (Fig 1-11) alone cannot form oleogel.
2) Thermal properties of soybean oleogels
[image: ]
Fig 2 DSC heat flow curves for soybean oil oleogels during (A) melting, and (B) crystallization 
The thermal behavior of gelled soybean oil developed with single gelator or the combinations was investigated using DSC (Fig 2 A & B). The results indicated that the application of 10% MAG can significantly increase the melting temperature of soybean oleogel to 55 oC. 
3) Viscoelastic properties of soybean oleogels

[image: ]
Fig 3 Frequency dependence of (A) storage modulus (G'), and (B) loss modulus (G'') for soybean oil oleogel containing 10% of gelators at 25 °C
The influence of gelator type and combination on the rheological properties of gelled soybean oil was evaluated in both storage (G') and loss modulus (G'') under isothermal (Fig. 3 A & B). Gelled soybean oil by 10 wt % of BS was the weakest among the three, most likely due to the lower solids content and weak gel network. A gradually increment contemporarily with the increase of oscillation frequency was seen as well, suggesting its high shear sensitivity and weak gels nature. MAG gelled soybean oil has the strongest strength and displayed as straight line in a frequency independence manner, indicating the formation of a more structured crystalline network with greatest stability toward high oscillation frequency.
4) Polymorphism of soybean oleogel
Fig 4 XRD patterns of soybean oil oleogels 
X-ray diffraction (XRD) was performed to study the polymorphism of oleogel samples, and the d-spacing of the crystal was calculated based on 2θ (Fig. 4). For oleogel made by 10 wt% MAG, a single diffraction peak at 2.1° was noticed, pinpointing the inter-planar distance of MAG bilayers with an approximate width of 42 Å. A main peak corresponding to a distance of 4.5 Å with a number of other peaks (3.9 and 4.36 Å) along the shoulder of the amorphous band at short spacing was also observed. These peaks resembled β polymorphic form by the in-plane ordering of MAG aliphatic chains. For the oleogel samples made with 10 wt% BS, two additional peaks occurred around 4.7° and 15°, corresponding to d-spacing of 18.8 and 5.9 Å, respectively. These two peaks were exclusively assigned to BS as both are the representative reflections of pure BS crystal forms in x-ray pattern.

5) Crystal morphology of soybean oil oleogels
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Fig.5 Polarized light microscopy images of soybean oil oleogels (scale bar = 20 μm).
To gain better visualization of crystalline structure in soybean oil oleogels, the polarized light microscopy (PLM) was used to visualize the microstructure of oleogels (Fig. 5). Although both RSO-1 and CSO-1 were prepared using 10 wt% BS as a sole gelator, more than one morphology was recorded including needle-like and irregular lath crystals (labelled arrows in Figure. 5). The irregular lath or plate crystals might be due to the quick crystallization of pure BS, thus maintaining its double layer structure as evidenced by XRD pattern (Fig. 4). The possible reason of forming other morphology could be the different orientation of crystalline platelets. Unlike oleogels made with 10 wt% BS, the crystals in samples made with 10 wt% MAG only densely aggregated as cluster together and showed spherulite morphology. Based on these results, it could be confident to state that the microstructure of oleogel is affected by the type of gelator.
6) Replacement of commercial shortening using soybean oleogels in cookie making
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Fig 6 Cookies prepared by oleogels. From (a) to (d): shortenings, 10% BS, 5% BS & 5% MAG, 10% MAG)
The cookies have been successfully prepared using all three soybean oleogels. The color of the cookies made by soybean oleogels (Fig 4 b, c, and d) is similar as that made with commercial shortenings.

7) Texture analysis of the soybean oleogels and the cookies prepared using soybean oleogels
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Fig 7 Hardness of (A) soybean oil oleogels and (B) cookies made by oleogels
The harness of both soybean oil oleogels and cookies made by the oleogels was characterized using a Texture Analyzer TA-XT2i (Fig 7 A & B). The results showed that the oleogel made by 10% MAG had the greatest harness which can be explained by its stronger gel network by the crystalline. The hardness of two other oleogels has weaker hardness than commercial shortenings. However, the hardness of cookies made by all the soybean oil oleogels is identical indicating the great functions in cookie texture formation.
4. Conclusion
[bookmark: OLE_LINK149][bookmark: OLE_LINK150]The structures properties and cookie making performance of soybean oil oleogel was systematically characterized. Overall, both β-sitosterol and monoacylglycerol can form soybean oil oleogel in a single or a combined gelator system at a fixed gelator concentration of 10 wt%. Soybean oil oleogel was stable. The physical characteristics of soybean oil oleogel was greater than that of commercial shortenings as reflected by the higher viscoelastic modulus and hardness.  Soybean oil oleogels also demonstrated a great cookie making performance similar as commercial shortenings. Altogether, it can be assumed that soybean oil oleogels made with BS and/or MAG have the potential to replace commercial shortening. More extensive applications of soybean oil oleogels can be conducted in the future to the baking industry to develop healthier foods without a reduction in food quality.
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