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Abstract

:

Oleogels, which are traditionally utilized to reduce saturated and trans fats in bakery foods, have recently shown promising applications in non-bakery foods, particularly in the enhancement of their food texture and cooking qualities. This study investigates the impact of incorporating stearic acid-containing candelilla wax–groundnut oil oleogel in various proportions on the production of whole wheat pasta. Five different pasta samples were prepared by replacing water with oleogels in varying concentrations (2.5%, 5%, 10%, and 15%), and their physicochemical attributes were evaluated using a range of analytical methods for both cooked and uncooked pasta (like microscopy, colorimetry, dimensional analysis, texture, cooking qualities, moisture content, and FTIR). Significant differences in width, thickness, and color properties were observed between the control sample (0% oleogel) and those containing oleogel, with notable variations in surface texture and color intensities, particularly with the higher oleogel content (p < 0.05). Cooked pasta exhibited lower L* values and higher a* values than uncooked pasta. Stereo zoom microscope and field emission scanning electron microscope (FESEM) micrographs demonstrated a change in the pasta surface topology and microstructures. Dark spots on the pasta with greater oleogel concentrations (samples with 10% and 15% oleogel replacement) suggest the formation of starch–lipid complexes. Cooking induced pore formation, which was more pronounced when the oleogel content was increased, impacted the water absorption capacity, swelling index, and moisture content. The cooked samples exhibited higher moisture content and improved polymer network stability compared to the uncooked ones, indicating the potential of oleogel incorporation to modulate pasta properties in a concentration-dependent manner. These findings underscore the versatility of oleogels when their applications are diversified in non-bakery foods to enhance food texture and quality.
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1. Introduction


The rising interest in healthy food products in recent years has been driven by sedentary and fast-paced lifestyles as well as increased awareness of the importance of a healthy diet. Consumers are increasingly demanding food products that are low in calories and contain reduced levels of unhealthy saturated and trans fats, which are associated with a higher risk of cardiac disease, type 2 diabetes, and cancers. To meet this demand, several technological advancements have been made in the field of food science through the incorporation of healthy additives. One such advancement is the introduction of the oleogel system, which has resulted in a breakthrough that has effectively reduced the levels of saturated and trans fats in food products [1,2,3] without compromising the food textural properties [3] and mouthfeel. Oleogels are semi-solid fat systems with defining characteristics, such as edibility, low gelling concentration, and restricted oil migration. In recent years, oleogels have gained considerable attention in the formulation of bakery foods, such as cakes [4], biscuits [5], and, cookies [6], as well as other food products, such as spreads [7], ice cream [8], and chocolates [9], where they have successfully replaced the traditional solid fats, like butter or margarine. Emulsifiers have also been added to oleogels to enhance and modulate their properties, e.g., in terms of texture, crystallinity, and thermal behavior [10,11,12].



Pasta is a staple food that is typically made by combining wheat flour and water and, subsequently, subjecting it to extrusion to obtain the desired shape and texture [13]. It is widely consumed all over the world due to its taste, convenience of preparation, and affordability. Pasta also provides health benefits as it is low in calories and has a low glycemic index owing to its high resistant starch content, which also helps to reduce blood glucose levels [14]. Generally, pasta is a rich source of complex carbohydrates, but it is low in sodium, fats, cholesterol, and other essential nutrients, like proteins, vitamins, iron, and minerals [15]. The presence of bran in the whole wheat flour, which is obtained from the seed coat of the wheat particles, also increases the fiber content of the pasta. In light of its widespread consumption, diverse ingredients have been incorporated into the pasta dough to assess their compatibility and to evaluate their potential to enhance the nutritional profile, texture, flavor, and cooking qualities of the resultant product. It has also been proposed that sensory attributes, such as aroma, appearance, and shelf life, can be improved by the addition of additional ingredients. Recently, the use of various additives, such as fish powder [16]; food industry by-products, such as olive pomace [17]; fermented black chickpea flour [18]; brewing by-products, such as trub [19]; and many more have been explored to fortify pasta, with the primary objective of improving not only the nutritional profile but also the textural and cooking qualities.



Recent studies have increasingly explored the potential applications of oleogel beyond its conventional use as a bakery fat replacement, with promising outcomes observed in various food products. For instance, Oh et al. (2020) highlighted the efficacy of candelilla wax/soybean oil oleogel in reducing noodle firmness, enhancing dough viscosity, and enlarging noodle pore size, which ultimately leads to reduced cooking time [20]. Similarly, Vernon-Carter et al. (2020) investigated the impact of candelilla wax/canola oil oleogel on maize tortillas, observing a decrease in tortilla hardness alongside increased tensile strength [21]. These studies highlighted the fact that the inclusion of oleogel in non-bakery products influences its appearance and textural properties. Drawing inspiration from these findings, this study replaced a portion of water in the pasta composition with oleogel sourced from a previous study by Chaturvedi et al. (2023), wherein the effects of incorporating stearic acid (SAC) on the properties of candelilla wax/groundnut oil oleogel was explored [22]. Candelilla wax (CW) served as the gelator, facilitating gelation in the liquid phase, i.e., groundnut oil (GO). CW, an FDA-approved plant wax which is rich in odd-numbered n-alkanes and trace esters, yields stable oleogels with high oil binding capacity upon crystallization in vegetable oil. On the other hand, GO is characterized by its abundance of poly- and monounsaturated fatty acids and thus promotes heart health and cholesterol control. The optimal composition of the oleogel that contained SAC in the candelilla wax/groundnut oil oleogel at a concentration of 0.015% (w/w) was used [22]. Based upon this foundation, the current study extends the application scope of the optimal oleogel formulation to evaluate the cooking and textural properties of whole wheat flour pasta. The pasta formulations were characterized through various physicochemical analyses, including color analysis using a colorimeter, measurement of thickness and width using a digital screw gauge and vernier caliper, evaluation of surface topology using a stereo zoom microscope and FESEM, assessment of cooking qualities through water absorption capacity and swelling index measurements, determination of moisture content, and analysis of mechanical and textural properties via stress relaxation and puncture tests. Finally, Fourier transform infrared (FTIR) spectroscopy was employed to explore the chemical interactions among the pasta constituents.




2. Materials and Methods


2.1. Materials


The commercially available GO (brand: Engine brand; make: Shree Hari Industries, Rajasthan, India) used for the oleogel preparations was acquired from a local grocery store in Rourkela, India. The CW employed in the study was obtained from the company Nature’s Tattva, New Delhi, India. The SAC utilized in this study was purchased from Loba Chemie Pvt. Ltd. (Mumbai, India). Additionally, the commercially available whole wheat flour (Brand: Aashirvaad, ITC Limited, India) was procured from the local market (Rourkela, Odisha, India). The flour is made from the wheat variety of Triticum aestivum [23]. As per the packaging, the composition of the flour (per 100 g) is as follows: protein—10.5 g, carbohydrate—76.8 g, total fat—1.4 g, and sodium—2.3 mg.




2.2. Preparation of Oleogel Samples


A sample of oleogel containing 5% CW and 3 mg (or 0.015% w/w) of SAC in GO was prepared as per the method discussed in one of the previous studies [11]. In brief, a stock solution of SAC, with a concentration of 0.1%, was prepared in GO. The stock solution of SAC was then added to a mixture of 5% (w/w) CW and GO to achieve the desired final concentration of 3 mg (or 0.015% w/w) of SAC in the oleogel sample. Then, the mixture was subjected to heating at 90 °C for 25 min, followed by continuous homogenization at 300 rpm for an additional 15 min at the same temperature. The hot mixture was then placed in a thermal cabinet, maintained at 25 °C, for 3 h. This resulted in the formation of the oleogel.




2.3. Pasta Preparation


The pasta was prepared according to the procedure described by [24], with slight modifications. This study used an automatic pasta-making machine (model: 16009; make: KENT RO System Ltd., Noida, India) to blend all the ingredients and extrude them in the shape of tagliatelle (ribbon pasta). The ingredients for preparing the control sample included whole wheat flour and water. For the oleogel-incorporated pasta, four samples were prepared by replacing the water with the oleogel. The replacement of the water was at the levels of 2.5%, 5%, 10%, and 15% w/w. The compositions of all the pasta samples are tabulated in Table 1.



Firstly, the oleogel and water were heated at 90 °C for 25 min in a water bath and then weighed in appropriate proportions in a beaker (100 mL). The pasta dough was prepared by adding wheat flour to the pasta maker and then adding the oleogel/water mixture while the machine continuously stirred the wheat flour. When the dough was properly kneaded, it was extruded through a shaping die. The extruded pasta (~150 g) was collected into air-tight containers in three parts. One portion, weighing around 50 g, was reserved for the analysis of uncooked pasta and allowed to rest for 10 min to ensure uniform hydration. The remaining two portions, totaling approximately 100 g, were set aside for cooking after an hour. These portions were added to boiling water (1.5 L) in a steel container with a 5 L capacity. After 12 min of cooking, approximately 50 g of pasta was sampled for analysis, with the remainder sampled after 15 min. Prior to each analysis, the samples were air-dried for 5 min to remove excess moisture.




2.4. Thickness and Width of the Pasta


The dimensions (thickness and width) of both the uncooked and cooked pasta strands were determined using a digital screw gauge (Model: EM025; Make: Digital Micrometre, Yuzuki, China) and a vernier caliper (Model: IP54 Metal case Digital caliper; Make: Advance, West Bengal, India), respectively, in accordance with prior studies by Kadiri et al. in 2020 [25].




2.5. Colorimetry


The color profiles of the pasta were investigated using a colorimeter. A colorimeter instrument built in-house was used to test the pasta samples [26]. For this, freshly extruded and cooked pasta strands were used. Initially, black and white placards were used to calibrate the instrument. After taking pictures of the pasta samples using the device’s camera, the L*, a*, and b* values of the device’s color parameters were measured. With the help of color parameters, we were able to calculate the whiteness index (WI), yellowness index (YI), and absolute color differences (ΔE) [27]. The color indexes were calculated using the formula written below:


  W I = 100 −      100 −   L   *       2   +       a   *       2   +       b   *       2     



(1)






  YI = 142.86       b   *       L   *      



(2)






  ∆ E =        L   c   *   −   L   z   *       2   +   (   a   c   *   −   a   z   *   )   2   +   (   b   c   *   −   b   z   *   )   2     



(3)




where     L   c   *   ,   a   c   *   , a n d     b   c   *     denote the parameter values of the control pasta sample, and those with subscript ‘z’ are the pasta samples containing oleogel.




2.6. Microscopy


2.6.1. Surface Topology


To obtain an insight into the surface topography of the pasta samples (both uncooked and cooked), the pasta strands were examined under a stereo zoom microscope (model: SM-2TZ; make: AMscope, Irvine, CA, USA).




2.6.2. FESEM


The microstructural analysis of the pasta sample surfaces was conducted using a field emission scanning electron microscope (model: FEI Novanano SEM 450; make: Thermo Fisher Scientific, MA, USA). For the analysis, the samples were freeze-dried for 48 h, and sputter-coated with gold before the analysis.





2.7. Cooking Qualities of Pasta


Water Absorption Capacity (WAC) and Swelling Index (SI)



The water absorption capacity and swelling index were measured to quantify the cooking qualities of the pasta. To determine the percentage of water absorbed by the pasta samples, i.e., the water absorption capacity of the pasta samples, after cooking for a duration of 12 and 15 min, the WAC was evaluated according to the method proposed by the Association of Official Agricultural Chemists (AOAC) [28]. For this, the uncooked pasta strands were cut and weighed on a weighing balance. These strands were subsequently cooked and re-weighed. The formula in Equation (4) was used to calculate the water absorption capacity, as follows:


  W A C =   F i n a l   w e i g h t − I n i t i a l   w e i g h t   I n i t i a l   w e i g h t   × 100  



(4)







The method for determining the swelling index of pasta was adopted by Tudorica et al. (2002) [29]. The weight of the pasta strands was recorded after cooking for 12 and 15 min. These strands were then kept for drying at 105 °C till their weight became constant. The SI was determined using Equation (5). Additionally, the dry matter was also calculated using Equation (6).


  S I =   W e i g h t   o f   c o o k e d   p a s t a − W e i g h t   o f   p a s t a   a f t e r   d r y i n g   W e i g h t   o f   p a s t a   a f t e r   d r y i n g    



(5)






  %   D r y   m a t t e r =   F i n a l   w e i g h t   o f   c o o k e d   p a s t a   a f t e r   d r y i n g   I n i t i a l   c o o k e d   w e i g h t   o f   p a s t a   × 100  



(6)








2.8. Moisture Analysis


To determine the amount of water contained in the pasta samples, a moisture content analysis was performed using a moisture analyzer machine (model: PGB1MB; Wensar Weighing Scales Limited, Maharashtra, India). For this, the pasta samples (cooked and uncooked) were cut into tiny pieces and measured to weigh around 2 g on an aluminum foil-wrapped platform-cum-weighing balance integrated within the machine. Then, the samples were maintained at a temperature of 180 °C until the machine signaled a constant moisture content value (in %) through an audible beep. After that, the final reading was noted down. The machine computed the % moisture content in the samples using the following equation:


  %   M o i s t u r e   c o n t e n t =     M   f   −   M   i       M   i      



(7)




where Mf denotes the weight of the pasta samples post-heating, and Mi represents the weight of the pasta samples pre-heating.




2.9. Texture Analysis


The stress relaxation and puncture tests were used to infer the mechanical properties of the pasta samples.



2.9.1. Stress Relaxation


The stress relaxation (SR) experiment was carried out using the texture analyzer (model: HD plus, make: Stable Micro Systems, Surrey, UK), which was fitted with a load cell of 5 kgf. For the analysis, a single strand of uncooked pasta sample was stabilized in the film support rig. Then, a spherical probe (diameter: 5 mm) was used to provide a strain of 1 mm after a trigger force of 5 g at a constant speed of 1 mm/s. The strain was applied for 60 sec. During the applied strain duration, the alterations in the force values were recorded. The above process was also repeated for the cooked pasta. Before the analysis, the surface water on the pasta (if present) was blotted using filter paper.



Subsequently, %SR was quantified for each oleogel sample using Equation (8), as follows [22]:


  % S R =     F   0   −   F   R       F   0     × 100  



(8)




where F0 is the maximum force in the SR curve, and FR is the residual force in the SR curve.




2.9.2. Puncture Test


The puncture test was also conducted using the texture analyzer. For the study, a single strand of a pasta sample was immobilized in a film support rig. Then, a spherical probe (Diameter: 5 mm) was allowed to travel a distance of 10 mm after a trigger force of 5 g.





2.10. FTIR


The chemical interactions of the constituents present in the prepared pasta samples were analyzed through FTIR spectroscopy. An FTIR spectrophotometer (Model: Alpha-E; Make: Bruker, Bremen, Germany) equipped with an attenuated total reflectance (ATR) that was equipped with a zinc selenide (ZnSe) crystal was employed to acquire the IR absorption spectra of both the raw materials and the prepared pasta samples. The scanning of the raw materials and samples was conducted in ATR mode, covering a wavenumber range of 4000–500 cm−1, each with 30 scans at a spectral resolution of 4 cm−1. The experiment involved conducting the spectral analysis in triplicate.




2.11. Statistical Analysis


Data were collected in at least triplicate in all the above analyses and presented as mean ± standard deviation. Furthermore, for the confirmation of the significant differences (p < 0.05) among the samples, a student t-test was performed.





3. Results


3.1. Visual Appearance of Pasta Samples


In addition to its nutritional qualities, the visual appearance of food is an important factor influencing consumer preferences. The visual appearance and quality of food are also intricately connected. Several noteworthy observations were made upon visual inspection of the pasta samples depicted in Figure 1. Firstly, the control sample (P0) exhibited zig-zag edges with a rough outer surface and a yellowish-brown color. Conversely, upon the addition of oleogel, the uncooked sample progressively acquired smoother edges and texture. Furthermore, the extruded pasta samples exhibited a curvature towards one side, which was attributable to a reduced length on one side. This resulted in their distinctive C-shape, which intensified at higher levels of water replacement with oleogel, which is also evident from Figure 1. In the uncooked pasta samples, the replacement of the water counterpart of pasta dough with an equivalent amount of oleogel resulted in drier, stiffer, and more compact pasta strands, which was visually translated into slightly reduced thickness, as illustrated in Figure 1. Additionally, the incorporation of oleogel was related to the gradual darkening in the color of the pasta samples compared to P0. These changes are depicted in Figure 1. Upon cooking the pasta samples, a notable color change was observed, giving them an appearance that was distinct from that of the uncooked state. The cooking process led to the melting of the oleogel trapped within the pasta strands, and it was subsequently released into the surrounding water. This also caused the formation of pores within the samples [20]. As the extent of the oleogel release varied, it resulted in the exhibition of different colors by the cooked samples.




3.2. Thickness and Width of Pasta Samples


The measurement of the dimensions (thickness, diameter, width, etc.) of foods such as pasta and noodles serves a purpose in food analysis and quality control. The dimensions also impact the cooking time and texture of these foods. Figure 2a presents the thicknesses of the pasta samples. Compared to the other uncooked pasta samples, P10 showed a significant decrease in its thickness compared to P0 (p < 0.05). The thickness of P2.5 was similar to that of P5, P10, and P15 (p > 0.05). Furthermore, P5 showed a significantly higher thickness than P10 (p < 0.05) but was similar to P15 (p > 0.05). Also, P10 showed a significantly lower thickness than P15 (p < 0.05). After 12 min of cooking, all the samples, except P10, showed an increase in thicknesses compared to P0 (p < 0.05). All the oleogel-containing pasta samples showed similar thicknesses (p > 0.05). On the other hand, after 15 min of cooking, all the pasta samples that contained oleogel showed a significant increase in their thicknesses compared to P0 (p < 0.05). However, there were no variations among the thicknesses of the 15 min cooked oleogel-containing pasta samples (p > 0.05).



In a similar manner to the thickness, the width of the pasta samples was also measured (Figure 2b). The analysis of the widths of the pasta samples can also be approximated through reference to Figure 1. There was no variation in the width of the uncooked pasta samples even after the addition of oleogel (p > 0.05). After 12 min of cooking, P2.5 showed a significant increase, while P10 showed a significant decrease in width values compared to P0 (p < 0.05). Among the oleogel-containing pasta samples, P2.5 showed a significantly higher width value than P5, P10, and P15 (p < 0.05). Furthermore, P5 showed a significantly higher width value than P10 and P15 (p < 0.05), while P10 showed a comparable width value to P15 (p > 0.05). After 15 min of cooking, P2.5 and P5 showed a significant increase in their width values, compared to P0 (p < 0.05), whereas P10 and P15 showed similar width values to that of P0 (p > 0.05). On the other hand, among the oleogel-containing pasta samples, P2.5 and P5 showed a significantly higher width value than P10 and P15 (p < 0.05). The width values of P10 and P15 were similar (p > 0.05).




3.3. Colorimetry


Food color is a crucial sensory attribute that influences consumer perceptions, expectations, and overall experience of a product. The analysis of the change in color upon the addition of oleogel in the pasta samples, before and after cooking, was performed by colorimetric analysis. The CIELAB model was used to measure the color parameters, i.e., L*, a*, and b*, which referred to the lightness, redness/greenness (+/−), and yellowness/blueness (+/−) of the samples, respectively [10]. As shown in Figure 3a, the L* values of all the uncooked pasta samples were within the range of 79–85. Incorporating oleogel within the samples did not significantly affect the L* values in comparison to P0 (p > 0.05). Among the oleogel-containing pasta samples, P15 showed a significantly lower L* value compared to P2.5 and P5 (p < 0.05). The a* value of the uncooked pasta, as displayed in Figure 3b, was within the range of 4–14, indicating the presence of a reddish hue in the samples. In general, the color values of oleogels are mostly determined by the raw materials utilized to make them [30]. The whole wheat flour utilized in this study contained bran particles, which possess a dark reddish-brown color, and their inclusion can influence the end product [31], which potentially explains the reddish hue observed in all the pasta samples. Additionally, the oleogel used in the study may have contributed to the increased redness of the samples when combined with the pasta. This might be due to the formation of a starch–lipid complex (specifically, an amylose–lipid complex) after adding oleogel to the pasta samples [32].



All the oleogel-containing pasta samples exhibited a significant increase in their a* values (p < 0.05) in comparison to P0. This suggested a rise in the reddish hue with the incorporation of the oleogel in the pasta samples. Among the oleogel-incorporated pasta samples, P2.5 showed a similar a* value to P5, whereas P5 showed a similar a* value to P10 (p > 0.05). The a* value of P15 was significantly higher than that of the rest of the pasta samples (p < 0.05). As with the a* values, all the uncooked pasta samples demonstrated a significant increase in their b* values (p < 0.05) (ranging from 41 to 77) with respect to P0 upon oleogel incorporation (Figure 3c). This indicated an increase in the yellowish tint in the samples in which the oleogel was incorporated. The yellowish tint could be attributable to the carotenoid pigment present in the GO in the oleogel [33,34]. P2.5 showed comparable b* value to that of P5 and P15 (p > 0.05).



Figure 3d illustrates the whiteness index (WI) values, derived from the L*, a*, and b* values, of the samples. It was observed that the WI of P0 was the highest among all the pasta samples (p < 0.05). At lower amounts of oleogel in P2.5 and P5, there was a significant reduction in the WI values compared to P0 (p < 0.05). The decrease in WI could be due to the increase in the concentration of the starch–lipid complex [32]. An additional increase in the oleogel content in P10 resulted in an increase in the WI value, which was significantly greater than that of the other oleogel-incorporated samples (p < 0.05). In P15, where the oleogel content was the highest, there was a marked reduction in the WI value compared to P0, P5, and P10 (p < 0.05). The yellowness index (YI) values of the uncooked pasta samples are presented in Figure 3e. It can be observed that the YI of P0 was the lowest. The incorporation of oleogel in P2.5 significantly increased its YI value compared to P0. A subsequent increase in the oleogel content in P5 did not significantly affect the YI value compared to P2.5 (p > 0.05). A further increase in the oleogel content in P10 significantly reduced its YI to a minimal value among all the oleogel-containing pasta samples. When the oleogel content was the highest (in P15), there was a consequent increase in the YI value, which was similar to that of P2.5 (p > 0.05). Figure 3f presents the absolute color difference (ΔE) between the samples with respect to the P0. The ΔE value helps to determine whether the human eye could detect the color variation among the samples. A ΔE value greater than 5 is generally considered to be a noticeable color variation [35,36]. The values of ΔE for the uncooked pasta samples were found to be greater than 5. This indicates that the color difference due to the addition of oleogel caused a perceivable color change in the pasta samples. The color change in the pasta samples can also be assessed by referring to Figure 1. The increase in the oleogel content caused the lowering of the ΔE value, which reached a minimum in P10. An additional increase in the oleogel concentration increased the ΔE value.



Overall, the L* values were lower in the cooked pasta samples than in the uncooked pasta samples (Figure 3a). As the oleogel concentration was increased, the reduction in the L* values was evidently increased. The a* values of the cooked samples were increased compared to those of the uncooked pasta samples. This suggested that there was an increase in the reddish hue of the pasta samples after cooking. Interestingly, no specific trend in the b* values could be observed among the uncooked and the cooked pasta samples. In general, the WI values of the cooked pasta samples were lower in comparison to those of the uncooked pasta samples, except for P2.5 and P15. The WI values of the uncooked and cooked P2.5 and P15 appeared to be similar (p > 0.05). Furthermore, the YI values of P0, P5, and P10 were markedly increased after cooking (p < 0.05), whereas the YI values of P2.5 and P15 did not show a marked change after cooking (p > 0.05).




3.4. Microscopy


3.4.1. Surface Topology


Figure 4 displays the surface topographies of both the uncooked and the cooked pasta samples. The control (P0) sample exhibited cracks and grooves (marked by red and yellow arrows, respectively) on the surface [37], which decreased in P2.5 and P5 as the oleogel was incorporated into the pasta samples. Oleogels have also been observed to contribute to the smoothness of dough [38,39]. Surprisingly, in P10 and P15, the surface topography of the samples showed the existence of darker spots (marked by black arrows), which again might be related to the starch–lipid complex formation, as was evident in the colorimetric analysis [32,40]. Darker spots might also be caused by the coating of the flour particles with the oleogel [41]. The P15 sample showed a higher number of darker spots. Scientific studies have indicated that starch–lipid complex formation can decrease the starch swelling power and solubility, thus delaying its gelatinization [32].



After cooking, the starch underwent gelatinization. As a result of gelatinization, all the pasta samples showed a smooth topography, which appeared slightly darker than the uncooked pasta (Figure 4). The existence of absorbed water molecules close to the surface of the pasta can explain the bright spots (marked by green arrows) seen in the cooked pasta samples. It might be possible that these water molecules are present within the pores or grooves formed during the cooking process. Overall, all the 12 min cooked pasta samples apparently showed similar surface smoothness. The pasta samples that were cooked for 15 min showed the existence of bulged (or swelled) surfaces (marked by violet arrows) compared to the 12 min cooked pasta. Such an observation may be attributable to the increased absorption of water after 15 min compared to the 12 min cooking process. The microscopic observations can also be well correlated with the morphology of the pasta samples, as presented in Figure 1.




3.4.2. FESEM


FESEM was employed to examine the surface and microstructural characteristics of both the uncooked and the cooked pasta samples (Figure 5 and Figure 6). The surface of P0 exhibited grooves and irregularities. When oleogel was added to the pasta, it dramatically changed its texture. The micrographs of the uncooked oleogel-containing samples suggested that the pasta matrices were composed of globular particles. In P2.5, P5, and P10, the globular particles were tightly packed. However, in P15, defects (marked by the yellow arrows) were observed on the surface. This suggested that when the water was replaced with oleogel in higher amounts, there was a compromise in the structural integrity of the pasta matrices. After cooking the pasta samples, the starch granules underwent gelatinization, leading to surface morphology changes, as reported in some studies [42,43]. During cooking, the oleogel in the pasta samples leached out of the samples, thereby creating pores. The melting of oleogel during hot-air drying and cooking has been documented by Oh et al. (2020), who found that it led to the creation of void regions. These voids might facilitate heat transfer during cooking and, thus, enhance rehydration [20]. Overall, an increase in the oleogel content increased the porous structures (marked by the pink arrows) on the surface. Furthermore, an increase in the cooking time from 12 min to 15 min caused a rise in the number of porous structures on the pasta matrix surface.



The FESEM micrographs of the uncooked pasta samples at higher magnification are provided in Figure 6 (magnification: 1000× g). The micrographs showed that the starch granules (indicated by the red arrows) were embedded within the gluten protein matrices (represented by the blue arrows), as also indicated in an investigation by Singh et al. 2021 [44]. The starch granules were larger than the gluten proteins, which appeared as smaller-sized globular particles, as similarly reported by Singh et al. 2021 [44]. As the composition of the pasta samples was changed, there was a change in the size and shape of the starch granules and gluten matrices. In P0, the starch granules appeared predominantly oval or circular, as also reported in various studies [44,45,46]. However, with increasing amounts of oleogel (by replacing the equivalent amount of water), the starch granules lost their oval shape, and in the P15 sample, they exhibited distorted and shrunken appearances, possibly due to their lower water concentration. Furthermore, the starch granules may have been coated by oleogel, preventing them from absorbing water [47] during the formation of pasta dough. This can well explain the changes in the surface texture of the pasta samples, as observed in stereo zoom microscopy (Figure 4) and low-magnification FESEM images (Figure 5).





3.5. Cooking Qualities of Pasta


Water Absorption Capacity (WAC), Swelling Index (SI), and Dry Matter


WAC refers to the capability of food material to absorb and retain water. Figure 7a depicts the WAC of cooked pasta samples. In general, there was a reduction in the WAC as the oleogel content increased. The WACs of P0 and P2.5 had similar values (p > 0.05) after cooking for 12 min and 15 min. However, a further rise in the oleogel concentration considerably decreased the WAC (p < 0.05) compared to P0. Like the WAC, the SI of the pasta samples after cooking for 12 and 15 min also showed a decreasing trend (Figure 7b). SI pertains to the capacity of a food product, specifically one containing starches, to expand upon exposure to water. Overall, the incorporation of oleogel prevented the pasta samples from swelling after cooking. Both of the above results might be attributable to the hydrophobic character provided by the oleogel to the pasta samples, which restricted the ability of the pasta samples to absorb and, consequently, to swell. These observations have also been concluded by Oh et al. 2020 [20] and González et al. 2021 [48] in similar studies with noodles and pasta, respectively. The hydrophobic character is due to the complex formation between oleogel and amylose [48]. It has been reported that starch–lipid complexes form an insoluble layer on the surface of starch granules, thereby delaying water absorption and, hence, increasing gelatinization temperature [32].



In contrast to water absorption capacity (WAC) and swelling index (SI), the percentage of dry matter in the pasta samples exhibited an increasing trend after cooking (Figure 7c). Specifically, P5, P10, and P15 demonstrated a significant increase in dry matter compared to P0 after 12 min of cooking (p < 0.05). Among all the oleogel-laden samples, P15 exhibited the highest percentage of dry matter content (p < 0.05). Similarly, after 15 min of cooking, P15 demonstrated a significant increase in dry matter compared to P0. Additionally, among all the oleogel-containing samples, the P5, P10, and P15 samples demonstrated a significant increase in dry matter compared to P2.5. This increment of dry matter after cooking in the oleogel-containing pasta can be correlated with low cooking loss and improved quality; this is consistent with findings from a previous study where the addition of oleogels in noodles significantly lowered cooking loss and improved quality [20]. Overall, it can be concluded that the addition of oleogel to the pasta samples increases their quality with a consequent decrease in cooking loss.





3.6. Moisture Analysis


Figure 8 displays the recorded moisture content of both the uncooked and the cooked pasta samples. The moisture content of the uncooked pasta samples was observed to be ~30% (w/w). The moisture content of P0 and P2.5 had a similar value (p > 0.05). However, there was a marked reduction in the moisture content of the other oleogel-containing samples compared to P0 (p < 0.05). The highest moisture content in P0 was due to the highest water content in the P0 dough. Similar results were also reported by Witek et al. (2020), where an amount of water was replaced with different egg-derived materials, which resulted in decreased moisture content in the enriched pasta compared to the control [49]. The cooked samples showed higher moisture content than the uncooked samples due to the absorption of the water molecules. Pasta with a high moisture content (i.e., a high cooking weight) may be chewy. As the cooking time was increased from 12 min to 15 min, there was a slight increase in the moisture content. This observation can be related to the WAC, where it was found that the WAC improved as cooking time increased.




3.7. Texture Analysis


3.7.1. Stress Relaxation Test


The stress relaxation analysis was carried out to investigate the behavior of the pasta samples under mechanical stress over a period of time. For this purpose, the pasta was subjected to deformation, and then, the decrease in stress was recorded over time. Stress relaxation data have been employed to analyze the viscoelastic behavior of food materials, which divulges information about the textural aspects of food materials, such as staling and the quality of the food products [25]. Among the components of pasta, the major influence on texture is primarily attributable to the wheat component. The proteins present in wheat, particularly gluten, play a crucial role in the determination of the pasta’s texture. Gluten proteins help to create a cohesive, viscoelastic dough when water and wheat flour are combined. This also significantly impacts the firmness, chewiness, and overall texture of cooked pasta [44,50].



Figure 9a–c represent the stress relaxation curves of uncooked [49], 12 min cooked, and 15 min cooked pasta samples [51]. The parameters (F0, F60, and %SR) determined from the stress relaxation profiles are presented in Figure 9d–f. As the oleogel concentration was increased, the F0 values of the pasta samples also correspondingly improved. The F0 values of the pasta samples decreased when the cooking time was extended (from 12 to 15 min) (p < 0.05). The hardness of pasta is an essential characteristic because pasta with a high hardness value has a firm character [52]. Increased firmness contributes to a desirable mouthfeel and texture and is also associated with reduced stickiness, which is generally preferred or gustatorily accepted [44]. Interestingly, the F60 values (which are markers of the inherent stability of the polymer matrices) of the cooked pasta samples were higher than those of the uncooked pasta samples. The results suggest that the inherent polymer network stability of the cooked pasta was superior to that of the uncooked samples. Among both the 12 min and 15 min cooked pasta samples, a significant increase in inherent polymer network stability (F60) was observed with an increase in the oleogel content, compared to P0 (p < 0.05). The pasta samples (P0, P5, and P15) cooked for 12 min showed better polymer network stability than the same samples cooked for 15 min (p < 0.05). The above results could be correlated with FESEM micrographs (Figure 6), where a compact network was observed following the addition of oleogel. This network stability might have contributed to the reduced WAC and SI of the oleogel-containing samples by hindering the water diffusion into the starch granules. The lower SI due to the high protein network stability formed by gluten has been reported by Espinosa-Solis et al. 2019 [43]. Consequently, pasta with good polymer network stability could be associated with advantages such as improved texture retention, cooking tolerance, extended shelf life, reduced cooking loss, and consistent quality [53].



The %SR of the uncooked samples was greater than 70% and was far superior to that of the cooked samples (Figure 9f). This is suggestive of the predominant viscous component in the uncooked samples. On the other hand, the %SR of the cooked samples was lower than 50%, which indicates the cooked samples’ dominant elastic behavior. The %SR of P10 was the highest and was significantly greater than that of P0 and P2.5 (p < 0.05). The elasticity of pasta is an essential property because it contributes to the strength of the pasta strands [52]. This was also evident from the F60 values. Interestingly, though the F0 and F60 values of P10 were quite high, its %SR value was also considerably higher. This observation can be related to the reinforcing outcome exercised by the starch–lipid complex present in P10, as also observed in the surface topography. The presence of starch–lipid complexes might have weakened the long-term mechanical stability of the P10 polymer matrix, thereby resulting in a higher %SR value.




3.7.2. Puncture Test


A puncture test is a method that measures the force needed to penetrate a food sample using a probe or needle. It determines the mechanical strength and firmness of a food material [54] by evaluating its resistance to penetration [55]. During this test, a controlled force is applied to the food sample using a probe to induce penetration. This test helps to determine textural attributes, such as the hardness, brittleness, tenderness, and work of penetration [55].



The puncture test profiles of uncooked and cooked samples are represented in Figure 10a–c, and the results are compiled in Figure 10d,e. Among all the uncooked pasta samples, P10 had the lowest Fmax value. This observation is in concordance with the %SR study, where it was found that the network stability of P10 was the lowest. Post-cooking, the Fmax value of P10 increased, whereas it was interesting to note that there was a reduction in the Fmax value in all the other samples. Among the uncooked pasta samples, the work of penetration (given by the area beneath the positive peak) of P0 had a similar value to that of the other pasta samples (p > 0.05). Notably, among the oleogel-containing samples, P10 showed the lowest work of penetration. Post-cooking, there was a reduction in the work of penetration in all the samples except P10. In P10, there was not much difference in the work of penetration of the uncooked pasta samples and the cooked ones. The “work of penetration” of the P10 samples after cooking was the highest among all the post-cooked pasta samples. This can be associated with the existence of starch–lipid complexes in optimal quantities that might have acted as a reinforcing agent in the post-cooked P10 samples.





3.8. FTIR


Figure 11 illustrates the FTIR spectra of the uncooked pasta and cooked pasta samples. The pasta samples containing oleogel exhibited peaks at similar wavenumbers. However, the peak intensity varied with the change in the composition. This was true for both the uncooked and cooked pasta samples. Analysis of the FTIR spectrum of the uncooked control pasta sample showed the presence of peaks at 3281 cm−1, 2977 cm−1, 2926 cm−1, 1746 cm−1, 1646 cm−1, 1542 cm−1, 1148 cm−1, and 1016 cm−1. A broad peak obtained at 3281 cm−1 indicated the presence of the -OH group in the control pasta sample. The interaction of water molecules with the pasta’s constituent parts frequently results in the peak at this wavenumber [56,57]. According to reports, this peak also represents the interactions between free water molecules through hydrogen bonds [57]. Further in the spectrum, a doublet was observed at 2977 cm−1 and 2926 cm−1. These peaks can be ascribed to the stretching vibrations of the aliphatic C-H groups due to various organic molecules, like carbohydrates, proteins, and a small amount of lipids in the wheat kernel. The control pasta sample exhibited a small peak at 1746 cm−1, which is presumably due to the carbonyl (C=O) stretching in starch, proteins (e.g., gluten), and sugars (e.g., fructose and glucose). Moving to the lower wavenumbers, two sharp peaks related to the amide I and the amide II bonds were detected at ~1646 cm−1 and ~1542 cm−1, respectively. These peaks were due to C=O stretching and NH bending, respectively [55,56,57]. Lastly, in the fingerprint region, a shoulder peak was detected at 1148 cm−1 along with a sharp peak at 1016 cm−1. The former peak can be assigned to the stretching vibrations of C-O and C-C bonds [57], whereas the latter can be ascribed to the vibrational modes within the amorphous phase of starch molecules [56,58]. Compared to the control pasta, the oleogel-containing pasta showed a shift in the doublet peaks (2977 cm−1 and 2926 cm−1) to lower wavenumbers at 2924 cm−1 and 2856 cm−1. These peaks indicate the presence of lipids in the pasta samples [56]. The shift towards the lower wave numbers can be associated with the structural modifications in the pasta samples due to the addition of oleogel. Furthermore, these samples showed a sharp peak at 1746 cm−1, which could be attributed to the C=O stretching of esters (e.g., triglycerides) [57].



Figure 11b,c display the FTIR spectra of the cooked pasta samples. After cooking, the control sample (P0) revealed prominent peaks at 3311 cm−1, 2920 cm−1, 2850 cm−1, 1744 cm−1, 1638 cm−1, 1385 cm−1, 1150 cm−1, 1081 cm−1, and 1018 cm−1. In comparison with the control sample, all the displayed oleogel-incorporated pasta samples showed similar peak intensities at similar wavenumbers. This could be attributable to the release of oleogel from pasta during cooking, which consequently reduces the amount of lipids in the samples. The leaching of the lipids was confirmed by the reduction in the peak intensity at 1744 cm−1 in the oleogel-containing cooked pasta samples compared to the uncooked ones. Interestingly, unlike the other pasta samples, P2.5 showed a peak shift of doublets (2920 cm−1 and 2850 cm−1) to 2979 cm−1 and 2928 cm−1. Overall, replacing water with oleogel resulted in changes in the lipid and water region, according to the observed changes in the spectra.





4. Conclusions


In this study, an attempt was made to develop whole wheat pasta by incorporating oleogel at different concentrations. Five samples were made by replacing water with oleogels at concentrations of 2.5%, 5%, 10%, and 15%. The width, thickness, and colorimetric parameter analysis suggested significant differences in the oleogel-containing cooked pasta compared to the control sample. The colorimetric analysis revealed substantial differences in L*, a*, and b* values, indicating alterations in color attributes. The cooked pasta displayed lower L* values, higher a* values, and reduced WI values (except for P2.5). Furthermore, the YI readings escalated in P0, P5, and P10 with the incorporation of oleogel, leading to substantial color shifts (ΔE). Microscopic evaluation using a stereo zoom microscope and FESEM highlighted changes in the surface topology and the starch–gluten matrices, particularly in the samples with a higher oleogel content (P10 and P15), where the presence of black spots suggested the formation of starch–lipid complexes [32]. Post-cooking, an increase in porous structures was observed, which correlated with the oleogel content, due to the melting and leaching of oleogel from pasta. The hydrophobic character, which was attributable to the starch–lipid complexes, influenced the water absorption capacity (WAC), swelling index (SI), and moisture content. The samples with higher oleogel content exhibited lower WAC and SI and an overall lower moisture content. Interestingly, incorporating oleogel in the pasta samples led to an increase in dry matter content that reduced cooking loss and consequently increased its quality. Mechanical analysis of the pasta samples in the stress relaxation study revealed the greater intrinsic stability of the cooked pasta samples compared to the uncooked ones. Oleogel substitution also increased polymer network stability, which could increase the pasta samples’ texture retention, shelf life, and consistency. Notably, the P10 sample stood out, and it demonstrated distinctive trends in texture properties, such as %SR, Fmax, and work of penetration. Lastly, the IR spectroscopy of the pasta samples showed changes in the water and lipid regions after incorporating oleogel. Despite the predominantly ascending or descending trends in the various parameters, making it challenging to draw definitive conclusions regarding the most optimal oleogel concentration, the P10 sample exhibited unique texture properties compared to the other samples. In the future, this study could be expanded to assess the sample’s nutrient profile and to conduct sensory evaluations. These additional analyses may contribute to the identification of the most optimal oleogel concentration among the various alternatives.







Author Contributions


Conceptualization, K.P. and D.K.; methodology, K.P.; resources, K.P.; data curation, D.C.; writing—original draft preparation, D.C.; writing—review and editing, D.C., K.P., S.D., D.K., M.J. and A.A.; visualization, D.C., K.P., S.D. and D.S.; supervision, K.P.; funding acquisition, K.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Palla, C.A.; Wasinger, M.F.; Carrín, M.E. Monoglyceride oleogels as fat replacers in filling creams for sandwich cookies. J. Sci. Food Agric. 2021, 101, 2398–2405. [Google Scholar] [CrossRef] [PubMed]

	



Giacomozzi, A.S.; Carrín, M.E.; Palla, C.A. Muffins made with monoglyceride oleogels: Impact of fat replacement on sensory properties and fatty acid profile. J. Am. Oil Chem. Soc. 2023, 100, 343–349. [Google Scholar] [CrossRef]

	



Martins, A.J.; Lorenzo, J.M.; Franco, D.; Vicente, A.A.; Cunha, R.L.; Pastrana, L.M.; Quiñones, J.; Cerqueira, M.A. Omega-3 and polyunsaturated fatty acids-enriched hamburgers using sterol-based oleogels. Eur. J. Lipid Sci. Technol. 2019, 121, 1900111. [Google Scholar] [CrossRef]

	



Oh, I.K.; Amoah, C.; Lim, J.; Jeong, S.; Lee, S. Assessing the effectiveness of wax-based sunflower oil oleogels in cakes as a shortening replacer. LWT 2017, 86, 430–437. [Google Scholar] [CrossRef]

	



Onacik-Gür, S.; Żbikowska, A. Effect of high-oleic rapeseed oil oleogels on the quality of short-dough biscuits and fat migration. J. Food Sci. Technol. 2020, 57, 1609–1618. [Google Scholar] [CrossRef] [PubMed]

	



Yılmaz, E.; Öğütcü, M. The texture, sensory properties and stability of cookies prepared with wax oleogels. Food Funct. 2015, 6, 1194–1204. [Google Scholar] [CrossRef] [PubMed]

	



Bascuas, S.; Espert, M.; Llorca, E.; Quiles, A.; Salvador, A.; Hernando, I. Structural and sensory studies on chocolate spreads with hydrocolloid-based oleogels as a fat alternative. LWT 2021, 135, 110228. [Google Scholar] [CrossRef]

	



Zulim Botega, D.C.; Marangoni, A.G.; Smith, A.K.; Goff, H.D. The potential application of rice bran wax oleogel to replace solid fat and enhance unsaturated fat content in ice cream. J. Food Sci. 2013, 78, C1334–C1339. [Google Scholar] [CrossRef] [PubMed]

	



Espert, M.; Hernández, M.; Sanz, T.; Salvador, A. Reduction of saturated fat in chocolate by using sunflower oil-hydroxypropyl methylcellulose based oleogels. Food Hydrocoll. 2021, 120, 106917. [Google Scholar] [CrossRef]

	



Sahu, D.; Bharti, D.; Kim, D.; Sarkar, P.; Pal, K. Variations in microstructural and physicochemical properties of candelilla wax/rice bran oil–derived oleogels using sunflower lecithin and soya lecithin. Gels 2021, 7, 226. [Google Scholar] [CrossRef]

	



Bharti, D.; Kim, D.; Cerqueira, M.A.; Mohanty, B.; Habibullah, S.; Banerjee, I.; Pal, K. Effect of biodegradable hydrophilic and hydrophobic emulsifiers on the oleogels containing sunflower wax and sunflower oil. Gels 2021, 7, 133. [Google Scholar] [CrossRef] [PubMed]

	



Bharti, D.; Kim, D.; Banerjee, I.; Rousseau, D.; Pal, K. Effects of Sorbitan Monostearate and Stearyl Alcohol on the Physicochemical Parameters of Sunflower-Wax-Based Oleogels. Gels 2022, 8, 520. [Google Scholar] [CrossRef] [PubMed]

	



Brochard, M.; Correia, P.; Barroca, M.J.; Guiné, R.P. Development of a new pasta product by the incorporation of chestnut flour and bee pollen. Appl. Sci. 2021, 11, 6617. [Google Scholar] [CrossRef]

	



Sissons, M.; Sestili, F.; Botticella, E.; Masci, S.; Lafiandra, D. Can manipulation of durum wheat amylose content reduce the glycaemic index of spaghetti? Foods 2020, 9, 693. [Google Scholar] [CrossRef] [PubMed]

	



Fuad, T.; Prabhasankar, P. Role of ingredients in pasta product quality: A review on recent developments. Crit. Rev. Food Sci. Nutr. 2010, 50, 787–798. [Google Scholar] [CrossRef] [PubMed]

	



Desai, A.; Brennan, M.A.; Brennan, C.S. The effect of semolina replacement with protein powder from fish (Pseudophycis bachus) on the physicochemical characteristics of pasta. LWT 2018, 89, 52–57. [Google Scholar] [CrossRef]

	



Simonato, B.; Trevisan, S.; Tolve, R.; Favati, F.; Pasini, G. Pasta fortification with olive pomace: Effects on the technological characteristics and nutritional properties. LWT 2019, 114, 108368. [Google Scholar] [CrossRef]

	



De Pasquale, I.; Verni, M.; Verardo, V.; Gómez-Caravaca, A.M.; Rizzello, C.G. Nutritional and functional advantages of the use of fermented black chickpea flour for semolina-pasta fortification. Foods 2021, 10, 182. [Google Scholar] [CrossRef] [PubMed]

	



Lomuscio, E.; Bianchi, F.; Cervini, M.; Giuberti, G.; Simonato, B.; Rizzi, C. Durum Wheat Fresh Pasta Fortification with Trub, a Beer Industry By-Product. Foods 2022, 11, 2496. [Google Scholar] [CrossRef] [PubMed]

	



Vernon-Carter, E.J.; Alvarez-Ramirez, J.; Meraz, M.; Bello-Perez, L.A.; Garcia-Diaz, S. Canola oil/candelilla wax oleogel improves texture, retards staling and reduces in vitro starch digestibility of maize tortillas. J. Sci. Food Agric. 2020, 100, 1238–1245. [Google Scholar] [CrossRef] [PubMed]

	



Chaturvedi, D.; Bharti, D.; Dhal, S.; Sahu, D.; Behera, H.; Sahoo, M.; Kim, D.; Jarzębski, M.; Anis, A.; Mohanty, B. Role of stearic acid as the crystal habit modifier in candelilla wax-groundnut oil oleogels. ChemEngineering 2023, 7, 96. [Google Scholar] [CrossRef]

	



Patil, S.; Sonawane, S.K.; Arya, S. Chemometric approach-based characterization and screening of gluten free flours for development of Indian unleavened flatbread. J. Food Sci. Technol. 2021, 58, 1829–1838. [Google Scholar] [CrossRef] [PubMed]

	



Prerana, S.; Anupama, D. Influence of carrot puree incorporation on quality characteristics of instant noodles. J. Food Process Eng. 2020, 43, e13270. [Google Scholar] [CrossRef]

	



Kadiri, O.; Gbadamosi, S.O.; Akanbi, C.T. Texture profile analysis and stress relaxation characteristics of protein fortified sweetpotato noodles. J. Texture Stud. 2020, 51, 314–322. [Google Scholar] [CrossRef] [PubMed]

	



Jain, A.; Pradhan, B.K.; Mahapatra, P.; Ray, S.S.; Chakravarty, S.; Pal, K. Development of a low-cost food color monitoring system. Color Res. Appl. 2021, 46, 430–445. [Google Scholar] [CrossRef]

	



Sena, B.; Dhal, S.; Sahu, D.; Sarkar, P.; Mohanty, B.; Jarzębski, M.; Wieruszewski, M.; Behera, H.; Pal, K. Variations in Microstructural and Physicochemical Properties of Soy Wax/Soybean Oil-Derived Oleogels Using Soy Lecithin. Polymers 2022, 14, 3928. [Google Scholar] [CrossRef] [PubMed]

	



International, A.; Latimer, G.W. Official Methods of Analysis of AOAC International, 19th ed.; AOAC International: Gaithersburg, MD, USA, 2012. [Google Scholar]

	



Tudorica, C.; Kuri, V.; Brennan, C. Nutritional and physicochemical characteristics of dietary fiber enriched pasta. J. Agric. Food Chem. 2002, 50, 347–356. [Google Scholar] [CrossRef]

	



Noonim, P.; Rajasekaran, B.; Venkatachalam, K. Structural Characterization and Peroxidation Stability of Palm Oil-Based Oleogel Made with Different Concentrations of Carnauba Wax and Processed with Ultrasonication. Gels 2022, 8, 763. [Google Scholar] [CrossRef] [PubMed]

	



Alzuwaid, N.T.; Fellows, C.M.; Laddomada, B.; Sissons, M. Impact of wheat bran particle size on the technological and phytochemical properties of durum wheat pasta. J. Cereal Sci. 2020, 95, 103033. [Google Scholar] [CrossRef]

	



Lehnert, S.; Dubinina, A.; Deynichenko, H.; Khomenko, O.; Gapontseva, O.; Antoniuk, I.; Medvedeva, A.; Demichkovska, M.; Vasylieva, O. The study of influence of natural antioxidants on quality of peanut and linseed oil blends during their storage. Вoстoчнo-Еврoпейский Журнал Передoвых Технoлoгий 2018, 3, 44–50. [Google Scholar] [CrossRef]

	



Nurhasanah, S.; Setyadi, A.; Munarso, S.; Subroto, E.; Filianty, F. Shelf-Life Prediction of Peanut Oil (Arachis hypogaea L.) Using an Accelerated Shelf-Life Testing (ASLT) Method in the Polypropylene Packaging. In IOP Conference Series: Earth and Environmental Science, Proceedings of the 3rd International Conference on Agricultural Postharvest Handling an Processing, Bogor, Indonesia, 12–14 October 2021; IOP Publishing Ltd.: Bristol, UK, 2022; p. 012056. [Google Scholar]

	



Kuntzler, S.G.; Costa, J.A.V.; Brizio, A.P.D.R.; de Morais, M.G. Development of a colorimetric pH indicator using nanofibers containing Spirulina sp. LEB 18. Food Chem. 2020, 328, 126768. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Yu, X.; Zhu, Y.; Zeng, Y.; Fang, C.; Liu, Y.; Hu, S.; Ge, Y.; Jiang, W. Preparation and application of a colorimetric film based on sodium alginate/sodium carboxymethyl cellulose incorporated with rose anthocyanins. Food Chem. 2022, 393, 133342. [Google Scholar] [CrossRef] [PubMed]

	



Alam, S.S.; Bharti, D.; Pradhan, B.K.; Sahu, D.; Dhal, S.; Kim, N.M.; Jarzębski, M.; Pal, K. Analysis of the Physical and Structure Characteristics of Reformulated Pizza Bread. Foods 2022, 11, 1979. [Google Scholar] [CrossRef]

	



Demirkesen, I.; Mert, B. Recent developments of oleogel utilizations in bakery products. Crit. Rev. Food Sci. Nutr. 2020, 60, 2460–2479. [Google Scholar] [CrossRef] [PubMed]

	



Martins, A.J.; Vicente, A.A.; Cunha, R.L.; Cerqueira, M.A. Edible oleogels: An opportunity for fat replacement in foods. Food Funct. 2018, 9, 758–773. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Ramirez, J.; Vernon-Carter, E.; Carrera-Tarela, Y.; Garcia, A.; Roldan-Cruz, C. Effects of candelilla wax/canola oil oleogel on the rheology, texture, thermal properties and in vitro starch digestibility of wheat sponge cake bread. LWT 2020, 130, 109701. [Google Scholar] [CrossRef]

	



Jung, D.; Oh, I.; Lee, J.; Lee, S. Utilization of butter and oleogel blends in sweet pan bread for saturated fat reduction: Dough rheology and baking performance. LWT 2020, 125, 109194. [Google Scholar] [CrossRef]

	



Turgut, Y.; Turgut, S.S.; Karacabey, E. Use of ohmic heating as an alternative method for cooking pasta. J. Sci. Food Agric. 2021, 101, 5529–5540. [Google Scholar] [CrossRef]

	



Espinosa-Solis, V.; Zamudio-Flores, P.B.; Tirado-Gallegos, J.M.; Ramírez-Mancinas, S.; Olivas-Orozco, G.I.; Espino-Díaz, M.; Hernández-González, M.; García-Cano, V.G.; Sánchez-Ortíz, O.; Buenrostro-Figueroa, J.J. Evaluation of cooking quality, nutritional and texture characteristics of pasta added with oat bran and apple flour. Foods 2019, 8, 299. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Gupta, A.; Surasani, V.K.R.; Sharma, S. Influence of supplementation with pangas protein isolates on textural attributes and sensory acceptability of semolina pasta. J. Food Meas. Charact. 2021, 15, 1317–1326. [Google Scholar] [CrossRef]

	



Jiang, Z.; Liu, Q.; Zhou, X.; Li, X.; Wang, F.; Liu, Y. Identification of characteristic starch properties of wheat varieties used to commercially produce dried noodles. Int. J. Food Sci. Technol. 2021, 56, 794–803. [Google Scholar] [CrossRef]

	



Ikegwu, T.M.; Nkama, I.; Okafor, I.G. Comparative studies of the proximate, microscopic and thermal properties of processed maize, wheat, millet, cassava and Bambara nut flours. Acta Sci. Nutr. Health 2023, 7, 38–47. [Google Scholar] [CrossRef]

	



Zhao, M.; Rao, J.; Chen, B. Effect of high oleic soybean oil oleogels on the properties of doughs and corresponding bakery products. J. Am. Oil Chem. Soc. 2022, 99, 1071–1083. [Google Scholar] [CrossRef]

	



González, A.; Bordón, M.G.; Bustos, M.C.; Cordova Salazar, K.L.; Ribotta, P.D.; Martínez, M.L. Study of the incorporation of native and microencapsulated chia seed oil on pasta properties. Int. J. Food Sci. Technol. 2021, 56, 233–241. [Google Scholar] [CrossRef]

	



Witek, M.; Maciejaszek, I.; Surówka, K. Impact of enrichment with egg constituents on water status in gluten-free rice pasta–nuclear magnetic resonance and thermogravimetric approach. Food Chem. 2020, 304, 125417. [Google Scholar] [CrossRef] [PubMed]

	



Cappelli, A.; Oliva, N.; Cini, E. A systematic review of gluten-free dough and bread: Dough rheology, bread characteristics, and improvement strategies. Appl. Sci. 2020, 10, 6559. [Google Scholar] [CrossRef]

	



Martin, C.; Morel, M.-H.; Reau, A.; Cuq, B. Kinetics of gluten protein-insolubilisation during pasta processing: Decoupling between time-and temperature-dependent effects. J. Cereal Sci. 2019, 88, 103–109. [Google Scholar] [CrossRef]

	



Purwadi, R.; Teguh, C.; Mazaya, D. Fermented cassava as an alternative flour for pasta noodle. In IOP Conference Series: Materials Science and Engineering, Proceedings of the International Seminar on Chemical Engineering Soehadi Reksowardojo (STKSR 2020), Bandung, Indonesia, 16–17 November 2020; IOP Publishing Ltd.: Bristol, UK, 2021; p. 012042. [Google Scholar]

	



Chen, H.; Guo, X.-N.; Zhu, K.-X. The effect of chitosan oligosaccharides on the shelf-life and quality of fresh wet noodles. Carbohydr. Polym. 2023, 309, 120704. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Wang, J. Mechanical properties of maize kernel horny endosperm, floury endosperm and germ. Int. J. Food Prop. 2019, 22, 863–877. [Google Scholar] [CrossRef]

	



Liu, Y.-X.; Cao, M.-J.; Liu, G.-M. Texture analyzers for food quality evaluation. In Evaluation Technologies for Food Quality; Elsevier: Amsterdam, The Netherlands, 2019; pp. 441–463. [Google Scholar]

	



Garcia-Valle, D.E.; Bello-Pérez, L.A.; Agama-Acevedo, E.; Alvarez-Ramirez, J. Structural characteristics and in vitro starch digestibility of pasta made with durum wheat semolina and chickpea flour. LWT 2021, 145, 111347. [Google Scholar] [CrossRef]

	



Garcia-Valle, D.E.; Bello-Pérez, L.A.; Agama-Acevedo, E.; Alvarez-Ramirez, J. Effects of mixing, sheeting, and cooking on the starch, protein, and water structures of durum wheat semolina and chickpea flour pasta. Food Chem. 2021, 360, 129993. [Google Scholar] [CrossRef] [PubMed]

	



Kamble, D.B.; Singh, R.; Rani, S.; Pratap, D. Physicochemical properties, in vitro digestibility and structural attributes of okara-enriched functional pasta. J. Food Process. Preserv. 2019, 43, e14232. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, R.; Dong, F.; Tian, A.; Li, Z.; Dai, Y. Physical, mechanical and antimicrobial properties of starch films incorporated with ε-poly-l-lysine. Food Chem. 2015, 166, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Yue, Q.; Liu, C.; Zheng, X.; Hong, J.; Li, L.; Bian, K. Effect of gliadin/glutenin ratio on pasting, thermal, and structural properties of wheat starch. J. Cereal Sci. 2020, 93, 102973. [Google Scholar] [CrossRef]








[image: Chemengineering 08 00051 g001] 





Figure 1. Photographs depicting various samples of pasta. 
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Figure 2. Physical measurements of the pasta samples: (a) thickness and (b) width. The symbol ‘*’ on the bars shows the significant difference between the two samples. 
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Figure 3. Color parameters of the pasta samples: (a) L*, (b) a*, (c) b*, (d) WI, (e) YI, and (f) ∆E. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05). 
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Figure 4. Surface topography of the uncooked and cooked (for 12 min and 15 min) pasta samples. (Red and yellow arrows indicate cracks and grooves; black arrows indicate the darker spots; green arrows indicate the bright spot; and violet arrows indicate bulged surfaces). 
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Figure 5. FESEM micrographs of all the pasta samples (yellow arrows indicate defects on the surface of the pasta, whereas pink arrows indicate pores). (Magnification: 250×). 
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Figure 6. FESEM images of uncooked pasta samples at higher magnification show the starch granules and gluten protein (red arrows indicate starch granules, whereas blue arrows indicate gluten protein granules). (Magnification: 1000×). 
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Figure 7. Cooking quality of pasta: (a) water absorption capacity (%); (b) swelling index; and (c) % dry matter content of the pasta samples. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05). 
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Figure 8. Moisture content (% m) of the pasta samples. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05). 
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Figure 9. Stress relaxation profiles of (a) uncooked, (b) 12 min cooked, and (c) 15 min cooked pasta samples; test analysis parameters: (d) F0, (e) F60, and (f) % SR. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05). 






Figure 9. Stress relaxation profiles of (a) uncooked, (b) 12 min cooked, and (c) 15 min cooked pasta samples; test analysis parameters: (d) F0, (e) F60, and (f) % SR. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05).



[image: Chemengineering 08 00051 g009]







[image: Chemengineering 08 00051 g010] 





Figure 10. Puncture test profile of (a) uncooked, (b) 12 min cooked, and (c) 15 min cooked pasta samples; test analysis parameters: (d) Fmax and (e) work of penetration. (The symbol ‘*’ on the bars shows the significant difference between the two samples at p < 0.05). 
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Figure 11. FTIR spectra of uncooked (a), 12 min (b), and 15 min (c) cooked pasta samples. 
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Table 1. Composition of pasta samples.
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	Samples
	Wheat Flour (g)
	Water (g)
	Oleogel Amount (g)
	Total Amount (g)





	P0
	250
	95
	0
	345



	P2.5
	250
	92.625
	2.375
	345



	P5
	250
	90.25
	4.75
	345



	P10
	250
	85.5
	9.5
	345



	P15
	250
	80.75
	14.25
	345
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