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Abstract

:

This study investigated the effects of incorporating stearic acid (SAC) in candelilla wax (CW) and groundnut oil (GO) oleogel with potential health benefits as an alternative to saturated fats in processed foods. Results showed that SAC possesses crystal habit-modifying properties on the oleogels, causing its average crystallite size to increase, as observed through polarized light microscopy and XRD analysis. Additionally, SAC caused an increase in ordering within the crystallite network as a result of the decrease in d-spacing. Interestingly, the firmness of the oleogels remained unaffected, even at a higher fraction of SAC. It is believed to be due to the interference caused by the crystallization of high-melting SAC within the fine crystal network of CW-GO oleogel. However, adding 3 mg of SAC significantly increased the work of the shear of the oleogel (SAC3), which decreased the spreadability. As observed through colorimetric analysis, SAC3 showed a dense and uniform distribution of prominent bright crystals with minimal amorphous regions, leading to a high whiteness index. SAC3 also demonstrated the highest compactness and dislocation density among the oleogels, likely due to the formation of prominent crystals. However, SAC did not affect the overall oleogel crystallization rate. SAC3 had delayed secondary crystallization and thermal equilibrium by having a prolonged crystallization time of CW crystals. In the case of controlled delivery studies, the addition of SAC improved CPCR. On the other hand, CPCR decreased with the increase in SAC amount, where SAC3 showed a moderate curcumin release ability among the oleogels.
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1. Introduction


Oleogel is a semi-solid lipophilic formulation produced by the entrapment of liquid oil by the three-dimensional (3D) network of a gelator or a combination of gelators [1]. Such a mechanism of oil structuring can be achieved through various routes, such as self-assembled networks [2], crystallization [3], and polymeric networks [4]. These networks are further stabilized by weak interactions such as hydrogen bonding, π-π stacking, Van der Waals, and electrostatic interactions [5]. The oil gelator compounds, called oleogelators, can be either of low molecular weight (e.g., simple sugars, sugar alcohols, waxes, lecithins, esters, and inorganic compounds) or higher molecular weight (such as proteins, polysaccharides, and polymers) [6]. Among the aforesaid category of oleogelators, waxes are the primary choice because of their capacity to structure oil and offer desired qualities to oleogels at relatively low concentrations [7,8,9]. Waxes are mainly composed of long-chain non-polar hydrocarbons and are either animal (e.g., beeswax), plant (e.g., candelilla wax, sunflower wax, carnauba wax), or synthetic origin (e.g., paraffin wax). Depending on their origin, the chemical composition varies, which in turn affects the oleogel properties, such as melting and crystallization behavior. Among the various natural waxes, candelilla wax (CW) has been widely used in the food industry and has been approved by the United States Food and Drug Administration (FDA) as a food additive [10]. The physicochemical and functional properties of CW make it suitable for a wide range of food applications (emulsions, edible films, oleogels, etc.). It consists of a high proportion of hentriacontane, followed by other n-alkanes, high molecular weight esters, alcohols, sterols, and resins [11]. Due to the shape of the crystals, their capacity to form networks, and the overall quantity of crystalline phase, CW is regarded as an excellent oleogelator in creating strong gels [10,12]. This property mainly arises from the hentriacontane, which makes CW capable of self-assembly in various non-polar solvents, including vegetable oils. CW has been used as an oleogelator for structuring soybean oil [13], canola oil [14], rice bran oil [15], and flaxseed oil [16].



In this study, we are poised to prepare CW-based oleogels using groundnut oil. Groundnut oil (GO) has also been used as the liquid phase in developing oleogels. GO is comprised of a high amount of poly- and monounsaturated fatty acids (PUFA and MUFA), a low amount of SFAs, and no trans-fatty acids [17]. Thus, it also controls cholesterol levels and supports heart health. GO is rich in vitamin E (tocopherol), too, thus facilitating anti-aging functions [18]. In addition to the useful fatty acid composition and other nutrients, the rationality to choose GO is because of its abundance. India is the second largest producer of groundnuts in the world [19,20,21]. Groundnuts, also commonly known as peanuts, are popularly consumed as seed oil in India [22]. This oil has been the major source of fats in the majority of foods [23,24], making it a prevalent ingredient in Indian cuisine. The fatty acid composition of GO also provides stability during storage [25]. In recent years, several researchers have reported the effect of emulsifiers on enhancing the different physio-chemical properties of the oleogels and modulating the fat crystal structure. Even at low concentrations, emulsifiers can alter the nucleation step of fat crystallization depending on their concentration and fatty acid compositions [26]. Stearic acid (SAC), also called 1-octadecanoic acid, is a waxy long-chain SFA and a non-polar compound. It is a widely used fatty acid in food applications for its oil-structuring capability. Soft oleogels are produced when SAC is present in the oleogels, which is ideal in food products since it facilitates the desired melt-in-mouth sensation [27]. This investigation is concerned with synthesizing and characterizing oleogels using CW and GO in the presence of SAC as an emulsifier. Different characterizations were used to examine the impact of varying the emulsifier content in the oleogels. Centrifugation was used to measure the oil-binding capacity of oleogels, microstructure within the oleogels was analyzed with polarized light microscopy, and color profiles were studied through colorimetric analysis. FTIR spectroscopy was used to assess chemical interactions within the oleogels, while X-ray diffraction (XRD) determined crystallite size. Mechanical properties were evaluated through a spreadability test, and thermal characteristics were determined using crystallization kinetics. Additionally, the release of curcumin from the oleogels was investigated to understand how emulsifiers influence its release.




2. Materials and Methods


2.1. Materials


The commercially available GO (Engine brand, Shree Hari Oil Mills, Bharatpur, Rajasthan) was bought from a local supermarket. The CW was purchased from Nature’s Tattva, New Delhi, India, and SAC was bought from Loba Chemie Pvt. Ltd. (Maharashtra, India). Curcumin (MW 368.39) was procured from Himedia Laboratories Pvt. Ltd., Mumbai, India.




2.2. Oleogel Preparation


To start with, the critical gelation concentration (CGC) of CW was figured out by varying its concentration from 1% to 5% w/w in GO. Subsequently, GO was heated at 90 °C, while stirring constantly at 300 rpm until the complete dissolution of CW. The mixture was then incubated for 3 h at 25 °C using a thermal cabinet (Figure 1). After incubation, the inverting tube technique, which involves studying the materials’ flow under gravity, was used to test the gelation in the samples. Visual observation confirmed that 5% (w/w) CW in GO resulted in a stable gel, which was utilized as the control sample in subsequent research. Additionally, oleogel samples containing SAC were prepared. A stock solution of 0.1% (w/w) SAC in GO was prepared and then added to the CW-GO mixture to obtain 1 mg, 3 mg, 5 mg, and 10 mg of SAC in 20 g of the oleogel samples. Then, using the same heating-cooling technique as described above., the SAC-containing oleogels were developed. Table 1 presents the composition of the prepared oleogel samples.




2.3. Oil Binding Capacity


The capability of oleogels to bind to oil was evaluated by measuring their oil-binding capacity (OBC). This was accomplished by adding 1 mL of the molten oleogel samples to 2 mL empty, previously weighed (A) Eppendorf tubes. Following the solidification of the samples, the Eppendorf tubes were weighed (B) again. After incubation for 24 h at 4 °C, the Eppendorf tubes underwent centrifugation at 10,000 rpm (18 °C) for a duration of 15 min in a Remi C-24 BL cooling centrifuge [28]. Subsequently, the Eppendorf tubes were inverted to facilitate the drainage of oil, following which their weights (C) were measured. A filter paper was used to remove any remaining oil. Using Equations (1) and (2), respectively, the % oil released fraction and OBC were computed.


  %   Oil   released   fraction =   [ ( B − A ) − ( C − A ) ]   ( B − A )   × 100  



(1)






OBC = 100 − % Oil released



(2)








2.4. Colorimetry


An in-house developed colorimeter was utilized to analyze the oleogels. The samples were placed in 35 mm Petri plates and incubated at 25 °C for 3 h. During this time, black and white placards were used to calibrate the instrument. After taking pictures of the oleogel samples using the device’s camera, the color parameters were measured, which included L*, a*, and b*. With the help of color parameters, the whiteness index (WI) and the yellowness index (YI) were determined by using the Equations below.


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



(3)






  YI = 142.86       b   *       L   *      



(4)




where     L   c   *   ,     a   c   *   ,   and     b   c   *     denotes the values of the control sample, and those with subscript ‘x’ are the oleogel samples containing SAC.




2.5. Polarized Light Microscopy (PLM)


PLM was performed to visualize the gelator crystals in oleogels. After placing molten oleogel samples on microscopic glass slides, the samples for examination were prepared by carefully covering them with coverslips. Glass slides with molten oleogels were incubated in a thermal cabinet at 25 ℃ for 3 h. In order to examine the samples, a bright-field compound microscope manufactured by Leica Microsystems and located in Wetzlar, Germany, was used. This specific microscope has an extraocular lens camera installed in it. An in-house created polarizer was put on the device, and polarized micrographs of the samples were taken using that polarizer.




2.6. FTIR Spectroscopy


The FTIR spectrum analysis was conducted on the raw ingredients and prepared oleogel samples using an Alpha-E Fourier transform IR spectroscope (FTIR) manufactured by Bruker in Bremen, Germany. The analysis was performed under Attenuated Total Reflectance (ATR) mode with a ZnSe crystal. The spectral range that was scanned encompassed wavenumbers between 4000 and 500 cm−1, with a spectral resolution of 4 cm−1. Each sample underwent spectral analysis using a total of 25 scans.




2.7. Raman Spectroscopy


Raman spectra analysis was conducted for both the raw ingredients and prepared oleogel samples with the help of the Raman spectrometer (WITec, GmbH Model-XMB3000-3000, Ulm, Germany). The spectra acquisition was performed using Witec Alpha300 Confocal Raman Microscope equipped with a 532 nm laser with a laser intensity of 33 mW and a 600 g/mm grating. Two spectra were recorded for each sample, each with two accumulations with an integration time of 30 s, in the range of 500 to 3500 cm−1.




2.8. X-ray Diffraction (XRD)


X-ray diffraction (XRD) examination was performed on the oleogel samples using a Bruker D8 Advance X-ray diffractometer from Austin, Texas, which was outfitted with a Co-K radiation source that had a wavelength of 1.79 Å. A voltage of 35 kV and a current of 25 mA were used to power the diffractometer while it was in operation. The technique for angular scanning was carried out within a range of 2θ and a range of 5° to 50°, with a scan rate of 5°/min. The usage of Bragg’s rule (Equation (5)) allowed for the successful completion of the calculation of the XRD parameter known as ‘d-spacing’ (d). In the meanwhile, the Debye–Scherrer Equation (Equation (6)) was used in order to do the computation for determining the crystallite size (D). In the succeeding stage, Equations (7) and (8) were used in order to determine the lattice strain (represented by the symbol ε) and the dislocation density (represented by the symbol δ), respectively.


λn = 2 dsinθ



(5)




where λ represents the wavelength of the X-ray, i.e., 1.79 Å, n is any integer value, and θ denotes the diffraction angle.


  D =   λ k   β c o s θ    



(6)




where k denotes Scherrer constant, β measured in radians, and demonstrates the full width at half maximum (FWHM) at a scattering angle 2θ.


  ε =   β   4 t a n θ    



(7)






  δ =   1     D   2      



(8)







Here, dislocation density (δ) is expressed in lines/    m   2    .




2.9. Crystallization Kinetics


The analysis of the crystallization kinetics of the oleogels was conducted using a temperature sensor device that was developed in the laboratory. In the present study, the oleogel samples were subjected to a process of melting and then placed into culture bottles with a volume of 15 mL. Subsequently, the specimens were subjected to a temperature of 90 °C by means of a water bath. Afterward, the temperature sensor probes were affixed to said bottles and subsequently submerged in a refrigerated water bath set (Equibath, Refrigerated Circulating, Equitron Medica Private Limited, Mumbai, India) to a temperature of 5 °C. Following the attainment of a temperature of 55 ℃ in the sample, the kinetics of gelation were monitored for a period of 90 min. The temperature variation of the specimens was meticulously observed and documented during the 90 min duration.




2.10. Texture Analysis


An HD plus texture analyzer (Stable Microsystems, Godalming, UK) was used to determine the spreadability of oleogels. Samples of molten oleogels were poured into the bottom perspex cone and incubated in the thermal cabinet at 25 °C for 3 h. Under the compression test mode of the texture analyzer, a force of 5 g was selected as the trigger force for the data recording. The samples in the perspex cone were successfully pierced by an upper perspex cone (45°), reaching a depth that resulted in a height gap of 2 mm from the base of the cone. Afterward, the upper cone returned to where it had been before. The test was performed at room temperature (25 °C) at 1.00 mm/s test and post-test speed.




2.11. Curcumin Release Study


The in vitro curcumin release study was conducted using a dissolution apparatus (DA8000, Labindia Instruments Pvt. Ltd., Mumbai, India) equipped with six stations. The current study employed the USP type I dissolution apparatus, which is of the basket type. The trituration method was utilized to prepare a 20 g formulation of each oleogel, which contained 5 mg/g (w/w) curcumin. Subsequently, the receptacle was occupied with an amount of 1.0 g of oleogel containing curcumin. A phosphate buffer (pH 6.8) (PBS) containing 0.25% w/v sodium lauryl sulfate was utilized as the release medium. The release medium was kept at a constant temperature of 37 ± 0.5 °C. The rotational speed of the basket was set at 100 rpm. A volume of 5 mL of the specimen was obtained and subsequently substituted with a fresh solution of phosphate-buffered saline (PBS) at predetermined time intervals. The curcumin concentration in the samples was determined by using a UV-visible spectrophotometer at 430 nm (Shimadzu 1900i, Kyoto City, Japan). The curcumin release study was conducted for a duration of 3 h. The curcumin release kinetics was calculated by plotting cumulative percentage curcumin release (CPCR) vs. time in min.




2.12. Statistical Analysis


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





3. Results and Discussion


3.1. Visual Appearance and OBC of the Prepared Oleogels


A visual inspection helps to analyze the oleogels in terms of color and stability. The prepared CW-GO oleogels were all similarly colored, i.e., pale yellow (Figure 2a). The light-yellow tint of GO and the yellow color of CW might be the contributing factor to the color of the oleogels [29]. Since SAC was added in a small quantity to the oleogels, it did not influence the color of the samples. The inverted tube test confirmed that all the oleogel samples were stable and self-standing (Figure 2a).



After establishing the stability of oleogels, their OBC was evaluated (Figure 2b). It is a crucial property of oleogels that also defines their quality [30,31]. All the samples exhibited a very high % OBC, which is more than 98%, demonstrating that CW has a descent OBC for GO. This observation suggests that CW could effectively entrap and bind to GO at a concentration as minimum as 5% (w/w). The gelation of rice bran oil with CW was recorded with a similar concentration of CW [15]. Several structural factors, such as crystal size and the extent of the crystalline network, may be associated with the OBC [10,32]. Therefore, the high % OBC of the CW for GO may be traced to the dense crystalline network generated by its relatively tiny crystals [33]. Samples with a high % OBC have also been related to high mechanical strength, equating to a more compact network structure [28]. Accordingly, it can be assumed that since CW has a very high % OBC, the prepared oleogels would have greater mechanical strength and a dense crystal network. This suggests that the emulsifier had no significant effect on modulating the OBC of the oleogel.




3.2. Colorimetry


Color is a fundamental aspect of food applications and could be correlated with the sample quality and chemical composition. Colorimetry is a method that provides information on various color characteristics of a test sample, such as lightness, saturation, hue, etc. [34]. Though there are various color spaces or models to describe color, CIELAB has been widely used for food applications. All the samples exhibited L* values between 96 and 100 (Figure 3a). Such high values of L* are indicative of the high luminance in the samples. Except for SAC3, the L* values were found to be very close to each other (p > 0.05). SAC3 showed a significant increase in L* compared to SAC0 (p < 0.05). The rise in the L* value of SAC3 suggests the presence of more lightness, possibly due to the presence of more bright crystals. Further, the a* values of the oleogel samples were negative (Figure 3b), reflecting the presence of a greenish tint. The sample’s greenness can be attributed to the chlorophyll present in the vegetable oils [35,36]. All oleogel samples showed similar a* values (p > 0.05), except for SAC3, which displayed a significant drop in its a* value compared to SAC0 (p < 0.05). A positive b* value accounts for the yellowish tint that was also observed visually in the oleogel samples (Figure 3c). The presence of carotenoid pigments gives GO its characteristic yellow color [35,37]. The inclusion of SAC significantly reduced the b* value of SAC3 compared to SAC0 (p < 0.05). Further, SAC3 had a significantly lower b* value than SAC10 (p < 0.05). The b* values of SAC0, SAC1, SAC5, and SAC10 did not differ significantly from one another (p > 0.05). From the observation of Figure 3b,c, it had been concluded that the effect of b* values was more pronounced on the samples than a* values. As a result, the oleogel samples appeared prominently yellowish and negligibly green in color.



The parameters WI and YI were subsequently derived from the L*, a*, and b* values. WI is a measure of the whiteness degree and was calculated using Equation (3). Figure 3d shows that the WI value of SAC3 is significantly higher than the WI values of others, especially SAC0 and SAC10 (p < 0.05). At the same time, the other oleogel samples showed an insignificant difference in WI values (p > 0.05). The YI, which serves as an indicator of the degree of yellowness, was calculated using Equation (4). The results depicted in Figure 3e indicated that SAC3 had a significantly lower YI value compared to SAC0 and SAC10 (p < 0.05), while the others showed an insignificant difference in YI values amongst each other. The distinctive outcomes observed in SAC3 in terms of high WI and low YI can be accounted for by the internal bulk micrographs of the oleogel and the X-ray diffraction (XRD) analysis of the oleogels, which have been discussed in subsequent sections.




3.3. Polarized Light Microscopy


In oleogels, the arrangement of wax crystals creates a 3D network that retains the oil. This wax crystal network can be visualized using a polarized light microscope owing to the birefringence property of the wax crystals [38,39]. CW oleogels are structured by wax micro-platelets composed of parallel arrangements of n-alkanes and long-chain fatty acids (>23 carbons). During oleogelation, these platelets interweave to form a porous, three-dimensional network that physically confines the liquid oil phase [40]. The crystal network depends on various aspects such as oleogelator concentration, temperature, cooling time, etc. [41]. Figure 4 shows the crystal morphology of the prepared oleogel samples, as seen under the polarized light microscope. It was observed that there was an overall occurrence of grain-like or granular crystals in the oleogel samples. Previous reports have also mentioned the granular structure of CW crystals in the oleogels [33,42,43]. Furthermore, the examination of the micrographs facilitated the identification of the crystalline and amorphous regions. Crystalline regions were characterized by the presence of crystals and appeared as bright regions, as indicated by yellow arrows. On the other hand, the amorphous regions were characterized by the regions of free oil, which appeared as dark regions and were indicated by red arrows [44]. The proportion of amorphous areas was found to vary among the oleogels. Amorphous regions in SAC0 were difficult to distinguish from the crystalline sections due to the formation of a homogenous microarchitecture. Compared to SAC0, SAC1 has more amorphous areas (red arrow) and fewer crystalline areas (yellow arrow). There was a decreased proportion of amorphous areas in SAC3 compared to SAC1. The number of amorphous regions in SAC5 was slightly more than that observed in SAC3. Amorphous areas in SAC10 were comparable in number and size to those in SAC1. SAC3 possessed the most substantial crystalline region among all the analyzed oleogel samples. Based on these notes, it can be inferred that the addition of SAC altered the spatial distribution of amorphous and crystalline regions within the samples. Initially, the number of amorphous regions increased with the incorporation of SAC, as seen in SAC1. However, as the concentration of SAC increased, there was a decline in the number of amorphous regions, as observed in SAC3 and SAC5. At the highest concentration of SAC (SAC10), the number of amorphous regions again increased and returned to a level comparable to that observed in SAC1.



A uniformly distributed crystal network provides more surface area for adsorption, thus reducing oil loss by increasing the surface area available for the oil to bind firmly [45]. The polarized micrographs suggest that SAC3 exhibited the most uniform distribution of crystals among the various samples with the minimal presence of amorphous regions. In addition, SAC3 possesses smaller crystal sizes compared to SAC containing oleogels, as confirmed through X-ray analysis (Section 3.6). As the crystal size decreases, the total solid surface area increases, leading to a greater interfacial area available for oil adsorption. This results in an enhanced capacity to retain oil [46]. Hence, it can be expected that SAC3 would present a higher surface area for oil adsorption. However, the variation in the surface area did not yield any significant change in the oleogel OBC, as was observed in the preceding Section 3.1. Nevertheless, if the higher surface area has any effect on the overall firmness of the oleogel, it can be confirmed through textural analysis, which has been discussed in the subsequent section (Section 3.8). An increase in the content of SAC in oleogel samples resulted in a noticeable rise in the bright wax crystals. Specifically, SAC3 displayed a dense and uniform distribution of prominent bright crystals, while SAC10 also had a notable presence of numerous bright granular crystals, but they were dispersed in patches. The crystals within the oleogels containing SAC appeared to be brighter in comparison to those in SAC0, which could be attributed to their larger size. This increase in crystal size upon the addition of SAC has also been addressed in the XRD section (Section 3.6). The observed bright and prominent wax crystals in SAC3 are likely responsible for their higher WI value than the other oleogels, as observed in the colorimetric analysis (Figure 3d). Previous studies found that oleogel crystalline structure relies on interactions between long-chain fatty acids and n-alkanes, requiring more high melting fats for gel formation, with crystal morphology and size being vital for the gel structure and larger-sized crystal production [16]. Since SAC is a high melting point fat, this can explain the enhancement in the average size of the wax crystals of the SAC containing oleogels after the addition of SAC. The polarized microscopy confirmed that the addition of a small amount of SAC could change the morphology, growth, and nucleation process of CW crystals, confirming its role as a crystal habit modifier in CW oleogels [40].




3.4. FTIR Analysis


FTIR spectroscopy helps to identify and characterize the chemical interactions in a sample, which are represented by a typical pattern of transmittance peaks in the infrared (IR) spectrum. FTIR spectroscopy was utilized in this study to determine the functional groups and molecular interactions within the raw materials (i.e., CW, GO, and SAC) (Figure 5a) and oleogel samples (Figure 5b).



The IR spectrum of GO (Figure 5a) showed a shoulder peak at 3008 cm−1, representing the C-H stretching (or axial deformation) symmetric vibration of the cis-olefinic double bonds of alkenes [47,48]. GO is composed of 80% UFA and 20% SFA. The UFA component constitutes 42% MUFA (oleic acid) and 37% PUFA (linoleic acid). Palmitic acid (C16:0) is an SFA, a third major fatty acid, and constitutes roughly 10% of the total fatty acid content. The rest 10% is composed of minor fatty acids [49]. Such a large amount of UFAs within the GO caused the appearance of the aforementioned peak. Other peaks were also observed in the IR spectrum, such as the two sharp peaks at 2922 cm−1 and 2853 cm−1, representing asymmetric and symmetric C-H stretching vibrations of the -CH2 (methylene) group, respectively. The presence of -CH2 and -CH3 groups was further confirmed by the peaks at 1463 cm−1 and 1377 cm−1, where the former peak signifies the C-H scissor bending vibration of both of these groups, and the latter one is ascribed to the symmetrical bending of the methylene group (-CH2). A sharp and very intense peak was observed at 1745 cm−1, indicating the C=O stretching vibrations of the ester group of the UFA chain. The existence of a sharp peak located at 1161 cm−1, accompanied by two shoulder peaks at 1237 cm−1 and 1098 cm−1, indicates the vibrational stretching of C-O in ester groups or CH2 wagging [48,50]. Furthermore, a band at the wavenumber of 967 cm−1 represents the out-of-plane bending of the disubstituted trans alkene (-HC=CH-). Finally, a strong peak at 722 cm−1 signifies the rocking vibration of cis -(CH2)n- [51,52].



The IR spectral analysis of CW (Figure 5a) revealed a broad peak at 3441 cm−1, representing the -OH stretching of the alcohol and the sterol groups [53]. This also suggests the existence of intermolecular hydrogen bonding in CW. The peaks at wavenumbers 2916 cm−1 and 2849 cm−1 are ascribed to the C-H stretching vibrations of alkanes. In the lower frequency range, a strong peak at wavenumber 1735 cm−1 indicates the presence of the C=O group of esters. A small peak at 1649 cm−1 represents the C=C of the monosubstituted alkene. Additionally, the peaks at 1465 cm−1 and 1375 cm−1 correspond to the CH2 bending and CH3 bend, respectively. The peak at 1171 cm−1 is due to the -C-O-C- stretching, and the peak at 722 cm−1 represents the rocking vibration of the aliphatic -CH2 group [54].



The IR spectral analysis conducted on SAC (Figure 5a) revealed two prominent bands in the high-frequency region at wavenumbers 2916 cm−1 and 2849 cm−1, which correspond to the asymmetric and symmetric stretching vibrations of the -CH2 group, respectively. A strong peak observed at 1696 cm−1 indicates the -COOH group in SAC [55]. The -CH2 bending vibrations in alkanes were represented by a peak at 1461 cm−1, accompanied by a shoulder peak at 1422 cm−1. Additionally, another peak at 1322 cm−1 was also observed. The peaks at 1696 cm−1, 1461 cm−1, and 1322 cm−1 are regarded as the characteristic peaks of SAC [56]. Another peak at 937 cm−1 was attributed to the bending vibrations of hydrogen bonds (OH-H) of the carboxylic acid groups [57]. The peak at 722 cm−1 was assigned to the rocking vibration of -CH2 groups [58].



The FTIR spectra of the oleogel samples (Figure 5b) were studied to learn the interactions between the raw materials. All oleogel samples had the same peak location and intensity in their spectra compared to SAC0, the control sample. The cis =CH- stretching vibrations are represented by a small peak at 3008 cm−1. A sharp and intense peak at 2922 cm−1 and a shoulder peak at 2853 cm−1 correspond to the asymmetric and symmetric stretching vibrations of the -CH3 (methyl) group, respectively. Another strong peak was also observed at 1745 cm−1, representing the conjugated C=O stretching vibrations. The peak at 1461 cm−1 was attributed to the -CH2 bending vibrations, and a short peak at 1375 cm−1 can be assigned to the -CH3 bending vibrations. Very strong and sharp peaks at 1237 cm−1 and 1161 cm−1 correspond to the -C-OH stretching vibrations. The occurrence of a short but sharp peak at 1098 cm−1 was attributed to the -C-O stretching vibrations, and the peak at 967 cm−1 was assigned to the out-of-plane bending of the disubstituted trans alkene. Further, a strong and sharp peak at 722 cm−1 was attributed to the -CH2 rocking vibration [59]. However, the 3441 cm−1 peak in CW, which represents the O-H stretching in alcohol and denotes the presence of intermolecular H-bonding, was not observed in the oleogel samples. This could be due to either a negligible quantity or a complete absence of hydrogen bonding in the oleogels.




3.5. Raman Spectroscopy


Raman spectroscopy facilitates the identification of sample composition and chemical bonding. It also provides insight into the vibrational energy modes of molecules, crystal structure, and symmetry of materials. The Raman spectral data were generated for the raw materials (i.e., CW, GO, and SAC) (Figure 6a) and oleogel samples (Figure 6b) to further characterize them for their various chemical groups, bonding interactions, and crystallinity.



The Raman spectra obtained from the sample of CW (Figure 6a) exhibited two distinct peaks in the higher wavelength ranges, at 2844 and 2874 cm−1, which are indicative of the symmetric and asymmetric stretching of the methylene (-CH2) groups, respectively. A weak peak was observed at 1677 cm−1, indicating the presence of ester content in the sample. Further, in the lower wavelength region, two peaks were observed at 1456 and 1305 cm−1. These peaks can be attributed to the bending vibrations of the methylene groups (-CH2). Lastly, two peaks were located at 1131 and 1062 cm−1, suggesting the presence of the -C-C- group and -C=O group, respectively [54].



In the spectra of GO (Figure 6a), the presence of a minute peak at 3009 cm−1 signifies the existence of a cis -C=C- (alkene) structure. This is followed by two peaks at 2899 cm−1 and 2857 cm−1, denoting the -CH(CH2) asymmetric and symmetric structures, respectively. The spectra manifested a cluster of peaks within the range of 1700 and 1000 cm−1. The peak at 1661 cm−1 indicated a cis -C=C- stretching vibration, while a peak at 1448 cm−1 signifies an asymmetric CH3 deformation vibration [60]. Additionally, the presence of -CH3 and unconjugated cis =CH-H deformation vibrations was indicated by the two peaks observed at 1309 and 1269 cm−1, respectively [60]. Zhao et al. (2022) have reported that the ratio of peak intensities at 1309 and 1269 cm−1 also compares the fatty acid saturation between different oils [61]. At a lower wavelength of 1094 cm−1, a peak manifests the -C-O ester structure [62].



The Raman spectra of SAC (Figure 6a) exhibited prominent peaks corresponding to -C-C- stretching, -CH2, and -CH3 functional groups. The C-H stretching region, encompassing both symmetric and asymmetric vibrations that are attributed to CH, CH2, and CH3 groups, falls within the range of 2800 to 3100 cm−1. The -CH3 groups were represented by peaks at 2909 and 2967 cm−1, while the presence of the -CH2 group was indicated by peaks at 2832 and 2888 cm−1 [63]. Further, the peak at 1650 cm−1 can be attributed to the C=O stretching in the carboxyl group. Additionally, a peak at 1436 cm−1 reveals CH2 bending, whereas 1301 cm−1 indicates CH2 twisting and rocking vibrations. The presence of C-C stretching was indicated by a peak at 1131 cm−1, while a peak at 1066 cm−1 denotes C-C stretching vibration. Moreover, CH2 rocking vibration was evidenced by a peak at 903 cm−1 [63,64].



The oleogels, which were developed by combining the aforementioned components, exhibited spectra that closely resembled that of GO (Figure 6b). A peak at 3013 cm−1 represented the -C=C cis structure, while the peak at 2903 cm−1 indicated the -CH2 asymmetric structure. The peak at 2857 cm−1 represented the -CH2 symmetric structure [65,66]. A peak at 2731 cm−1 indicated the presence of -C=O Fermi resonance. A bulge in the spectra ranging from 2500 cm−1 to 500 cm−1 typically indicates fluorescence and suggests the presence of amorphous regions in oleogel samples [54]. Furthermore, a peak at 1749 cm−1 indicated the presence of the -C=O structure, while the peak at 1658 cm−1 represented the cis -C=C olefinic molecular vibrations. The occurrence of a peak at 1448 cm−1 could potentially represent a -C-H (-CH3) asymmetric structure in the case of oil. It may also signify the -CH2 vibrational bending of methylene groups due to the presence of candelilla wax. Additionally, two peaks at 1309 and 1269 cm−1 corresponded to the -CH3/=CH-H group, and a peak at 1156 cm−1 corresponded to the -C=O group (ester) [67]. A peak at 1082 cm−1 represented the -C-O ester structure, while the peak at 861 cm−1 represented =CH2 wagging. Lastly, the peak at 742 cm−1 represented -(CH2)n- rocking vibration [61].




3.6. X-ray Diffraction


XRD is a valuable tool for determining the crystalline structure of a substance at a molecular level. It allows the characterization of atomic and molecular structures of materials by evaluating parameters such as crystallite size and lattice strain. In the food industry, XRD is extensively used to investigate the polymorphism of fats, which refers to the different crystal arrangements of the long hydrocarbon chains in fats [68,69,70]. The three most commonly observed polymorphic structures in fats are α, β′, and β, in increasing order of stability [71]. These polymorphs produce distinct peaks in the XRD pattern due to their characteristically close fatty acyl chain spacings [72]. Since wax-based oleogels also show similar chain spacings, they are believed to possess similar XRD patterns [16]. Figure 7 presented the X-ray diffractograms of the oleogel samples, which displayed the intensity as a function of 2θ (degrees). These diffractograms displayed three significant peaks, identified at 2θ values of around 23.2, 25.1, and 28 degrees. Among the three aforementioned peaks, there was an initial broader amorphous peak, accompanied by a sharp crystalline shoulder peak. This indicates the semi-crystalline nature of the oleogel [16], as was also evident in the polarized light micrographs showing both crystalline and amorphous regions in Figure 4. Further, there was an observed shift in the peak positions with the change in the SAC concentrations in oleogels, as can be observed in Table 2.



A comparison of the XRD curves of the prepared oleogels (Figure 7a) revealed differences in peak intensity and width. It is generally acknowledged that the width of a peak reflects the orientation of polymer chains in a specific plane, while the height or intensity of the peak represents the density of the crystallites [73,74]. The XRD analysis revealed the following order of increasing peak intensity and width: SAC0, SAC1, SAC10, SAC3, and SAC5. This suggests that SAC0 exhibited the most well-aligned and densely packed crystal arrangement, whereas SAC5 possessed the lowest degree of alignment and crystal density. Typically, peak width is also inversely proportional to crystallite size [75], and SAC0 exhibited the highest peak width, indicating the smallest crystallite size. However, as SAC is added, peak width reduces, indicating an increase in crystallite size. Therefore, it confirms that the addition of SAC in the oleogel caused an increase in wax crystal size.



The deconvolution of XRD graphs of all the oleogel samples using the Gaussian peak function led to the identification of six significant peaks (shown in different colors), each with its distinct intensity, position, and width, as depicted in Figure 7b–f. Deconvolution of the peaks offered values for various XRD parameters, such as peak position (xc), peak width (FWHM), height, etc. These values were then employed for the computation of additional XRD parameters, including d-spacing (Equation (5)), crystallite size (Equation (6)), lattice strain (Equation (7)), and dislocation density (δ) (Equation (8)). The results of these computations are presented in Table 2.



The d-spacing values of the oleogel samples indicate a common occurrence of two d-spacings, approximately 3.7 Å and 4.1 Å (Table 2). These d-spacings in the wide-angle region of XRD patterns are indicative of the metastable β’-polymorphic form characterized by an orthorhombic subcell packing [76]. This also aligns with the findings from XRD spectra of pure CW and the 3% CW/olive oil oleogel. It was reported that the β′ polymorphic form exhibits small fat crystal sizes that resemble fine grains, a characteristic that is evident in the polarized micrographs obtained from our study. This property facilitates the production of margarine and shortenings with a smooth texture and high spreadability [77,78]. Additionally, a d-spacing value of around 4.6 Å was observed in all the oleogel samples, which corresponds to the stable β-polymorphic form characterized by a triclinic subcell arrangement [71,79]. This study is consistent with that reported in RBX-based refined corn oil oleogels, where similar d-spacing values were identified [80]. The highest d-spacing value was observed in SAC0, indicating a loose arrangement of wax crystals [70]. As the SAC content increased, there was a corresponding decline in the d-spacing values, where SAC3 exhibited the lowest d-spacing value. A decrease in the d-spacing value results in a compact lattice structure of crystalline domains in the oleogel [81]. The samples SAC1, SAC5, and SAC10 exhibited similar d-spacing values, signifying their comparable level of packing and compactness. It can be inferred that the SAC increased the compactness of the crystal lattice by modifying the crystallization of the CW crystals [81]. A high concentration of SAC may interfere with the crystallization of other oleogelators, leading to a weaker network, as reported in a study [82]. This weaker network could also increase the interplanar distance (d-spacing). The high d-spacing value in other SAC-containing oleogels could be due to this reason. A total of 3 mg SAC concentration, i.e., an intermediate concentration in SAC3, promoted a strong network, resulting in a low d-spacing value and a compact crystalline network. It is likely that the increased compactness observed in the SAC3 sample, as indicated by its lower d-spacing values, was the reason for its higher WI and lower YI values. When wax crystals are ordered and compact, they scatter less light, resulting in a greater WI.



Table 2 showed that SAC0 had the smallest average crystallite size among the samples, followed by SAC3, SAC10, SAC5, and SAC1 in ascending order. The average crystallite size of SAC1 and SAC5 was nearly equal. SAC3 displayed the smallest average crystallite size among the SAC-containing oleogel samples. The reduction in crystal size could increase crystal compactness [83], as also evident from the d-spacing values of the oleogels, which may also affect firmness [84]. Additionally, the increase in wax crystal size with the addition of SAC suggests a modulation in the cooling rate and crystal growth kinetics [85], which has also been discussed in the following section (Section 3.7). The term ‘lattice strain’ is associated with the deformation or defect that occurs in the lattice. All oleogels exhibited a lattice strain value of 0.6, except for SAC1, which displays a value of 0.5. This indicates that the incorporation of SAC did not significantly alter the lattice strain of the wax crystals. Furthermore, the dislocation density, represented as δ, was calculated to evaluate any dislocations that may have occurred in the crystalline material during solidification. Contrary to lattice strain values, oleogel samples exhibited an increase in δ. The observed δ values ranged from 0.09 to 0.15, with the exception of SAC1, which had a lower value (δ = 0.09) compared to SAC0 (δ = 0.1). According to previous research [86], at a given strain value, dislocation density is inversely proportional to the crystal size. In the present study, SAC3 was found to have the highest δ value, which correlated with its smallest crystallite size among oleogel-containing samples. SAC3 is followed by SAC10, SAC5, and SAC0 in decreasing order. This suggests that the addition of SAC to the oleogel samples resulted in the introduction of dislocations, as evidenced by the increased δ values. Interestingly, this dislocation has had a beneficial effect on the SAC3 oleogel, which exhibited more prominent, brighter, and smaller crystals, as confirmed by the polarized micrographs and XRD analysis. Therefore, in general, XRD analysis has further confirmed the role of SAC as a crystal habit modifier.




3.7. Crystallization Kinetics


In general, the crystallization of fats is a multi-step process that consists of three distinct phases. The first phase, known as nucleation, involves the aggregation of triacylglycerols (TAGs) to form a crystal nucleus. The second phase, referred to as growth, involves the extension of the crystal nucleus through the deposition of nearby TAGs onto its surface [87]. Finally, the network consolidation phase occurs as the system reaches thermal equilibrium, signaling the completion of the fat crystallization process. Figure 8a compares the crystallization kinetic profiles of all oleogel samples, whereas Figure 8b–f displays the crystallization kinetic graphs of each oleogel. CW has a melting point of 68–72 °C [88,89]. As it cools down, it starts to crystallize until it reaches a state of equilibrium, i.e., a state where the rate of crystallization is balanced by the rate of melting. In this context, to establish the crystallization kinetics of CW/GO/SAC oleogel, we recorded the change in temperature with time starting from 55 °C (Table 3). All the crystallization kinetic profiles consist of three different stages, representing the fat crystallization process. These three stages are represented as initial, intermediate, and saturation. The initial stage involves a sharp decline in temperature, marked by red arrows in the temperature vs. time graphs (Figure 8b–f). This stage represents the nucleation phase of the wax crystals and is termed the onset of secondary crystallization. This is followed by a slow change in temperature, indicating the growth phase, and then, a constant or saturated temperature is maintained (marked by green arrows), which shows thermal equilibrium in the crystallization process [90]. The onset of equilibrium in all oleogels was found to occur within the temperature range of 10–15 °C.



The graphs presented in Figure 8b-f reveal that all the oleogel samples showed a similar time of onset of secondary crystallization when compared to SAC0, with the exception of SAC3. Statistical analysis revealed that SAC3 had a significantly higher onset of secondary crystallization time (430 ± 20 s) compared to SAC1 and SAC10 (p < 0.05) (Table 3). The onset of secondary crystallization in all the oleogel samples was observed to occur between 310–430 ± 46 s (Table 3). Furthermore, all the oleogel samples were found to have a similar time to reach thermal equilibrium (or network consolidation phase) with SAC0, ranging from 1013 to 1220 s ± 137 s (Table 3). However, as observed in the onset of secondary crystallization, SAC3 also demonstrated a significantly higher thermal equilibrium onset time (1220 ± 79.37 s) than SAC1 and SAC10 (p < 0.05) (Table 3). The results indicate that adding SAC did not significantly affect the crystallization time of SAC1, SAC5, and SAC10. However, it was observed that the crystallization onset time of SAC3 was hindered. This may be attributed to the formation of a compact arrangement in the structure of SAC3, which impeded the crystallization process. Furthermore, it was noted that the presence of SAC caused a delay in the attainment of thermal equilibrium in SAC3, which led to the complete crystallization. This could be due to the extended time required for the formation of prominent wax crystals in SAC3 [15], as observed in polarized micrographs (Figure 6). This also proved the role of SAC as a crystal habit modifier.



To comprehensively analyze the crystallization kinetics curves, the initial portion of the crystallization curve (0–350 s) was thoroughly scrutinized and fitted to an exponential decay function. The function is mathematically denoted as follows:


  y = a   e   − k t    



(9)




where ‘a’ stands for initial temperature (°C), ‘k’ for crystallization rate, and ‘t’ for time (s). An exponential function is generally used as a mathematical approximation to describe the kinetics of a process.



Based on the results obtained from the above curve fitting, the rate of crystallization has been successfully determined (Table 3). Upon analysis, it was observed that the rate of crystallization in the oleogel samples was consistent and comparable (p > 0.05) with the SAC0 (Table 3). This finding suggests that the presence of SAC did not significantly alter the crystallization rate in the oleogel samples.




3.8. Texture Analysis


The textural attributes of a food product play a significant role in shaping the customers’ perception of its quality. These properties also have a significant impact on the organoleptic features of the food items. The present study evaluated the textural characteristics of oleogels through the spreadability test. This test is widely utilized to measure the material’s firmness (F0), stickiness (S0), shear work (C0), and adhesion work (A0). Apart from this, this test also gives insight into the brittleness of the material. These parameters are used to determine the suitability of oleogels for applications such as spreads and margarine.



As part of the study, the oleogels underwent penetration testing using an upper perspex male cone. The force experienced by the cone during the test gradually increased until it reached its maximum at the designated deepest point. The entire spreadability test was recorded and plotted as a force (g) versus time (s) graph (Figure 9a). This maximum force, represented by the absolute positive peak on the force versus time graph (Figure 9a), was used to calculate the F0 values (Figure 9b). The penetration process resulted in the oleogel samples spreading from the lower cone. Upon the return of the upper cone to its original position, the force values became negative. The maximum negative force, represented by the absolute negative peak on the graph in Figure 9a, was used to determine the S0 values (Figure 9c). The C0 values obtained from the positive area under the curve are shown in Figure 9d, while the A0 values were derived from the negative area under the curve (Figure 9e).



The spreadability profiles (Figure 9a) of the oleogels revealed the brittleness in the samples, as reflected by the inflections (marked by a red arrow) recorded in the initial 10–20 s [91]. Brittleness is associated with the formation of a gel network that is less cohesive and, therefore, weak and susceptible to break. It has been reported that wax-esters are responsible for the brittleness of the oleogels [92,93]. Since CW consists of 15 to 29% wax esters, this may account for the brittleness of the oleogels. In oleogels, firmness is defined as the force needed to deform the gel with a probe. The results, as seen in Figure 9b, indicate that the firmness of all oleogel samples was similar (p > 0.05), indicating that the presence of SAC had little impact on the firmness of the oleogels. These results can be corroborated with the findings of Hwang et al., (2018), who found that despite the high melting point of SAC, which provides more solid fats at a given temperature compared to unsaturated fats, a higher concentration of SAC, did not result in higher firmness when added to sunflower wax/soybean oil oleogel at room temperature. The authors concluded that SAC crystallization might have disrupted the fine crystal network of oleogel, leading to the decrease in firmness of high SAC-containing oleogel [82]. The observed similar firmness in our oleogels may be attributed to this conclusion. At low SAC concentrations, such as SAC1, the effect was not particularly noticeable; however, as more SAC was added, its crystallization likely disrupted the crystal network of the CW-GO oleogel, which possessed very fine wax crystals. Consequently, this resulted in an insignificant change in firmness from SAC0. Additionally, SAC produces larger crystals [94,95] compared to CW, which may have further disturbed the overall fine crystal network of the oleogel. The relative stickiness (S0) of the prepared oleogels (Figure 9c), demonstrates the force needed to overcome the forces of attraction between the sample and probe. The influence of increased SAC content on S0 values revealed that, with the exception of SAC3, there was no significant difference observed among the samples (p > 0.05). However, SAC3 exhibited a significantly lower S0 value in comparison to SAC1 and SAC5 (p < 0.05). The stickiness measurements varied from −304.54 g for SAC3 to −358.183 g for SAC1.



Work of shear (C0) (Figure 9d) refers to the total force needed to shear a material. It is a good measure of spreadability that can be tested in spreadable products, such as cream cheeses. As C0 decreases, the ease of spreading increases, and vice versa. The recorded C0 varies between 2721.41 g of SAC5 (lowest) and 2993.29 g of SAC0 (highest) (Figure 9d). Unlike F0, there were occurred some significant changes in the C0 value. The findings indicate that SAC5 exhibited the least C0 value, notably lower than SAC0 and SAC3 (p < 0.05). As a result, SAC5 was concluded to be the most spreadable oleogel. The work of shear is also indicative of the level of cohesiveness that exists within a sample [15]. Among the SAC-containing oleogel samples, SAC3 had the highest C0 value, indicating its high cohesiveness and low spreadability. This high cohesiveness is evidenced by its smaller crystal size than other SAC-containing oleogels and smallest d-spacing value, as confirmed by the XRD data (Table 2), which contribute to its compact structure and ability to retain more oil, as stated in Section 3.1. The SAC0 was found to have a notably elevated C0 value in comparison to that of SAC3 despite having a high d-spacing value. This phenomenon can be ascribed to the existence of a substantial interplanar spacing, which was countered by the strength of molecular interactions within the sample. Conversely, the samples that exhibited a high C0 value and a lower d-spacing value indicated the formation of increased bonding or network structures due to the addition of SAC. In this capacity, SAC served as a lubricant, enhancing the spreadability of the sample. The similarity between the C0 values of SAC1, SAC5, and SAC10 (p > 0.05) could be correlated with their similar d-spacing values.



The phenomenon of work of adhesion (A0) (Figure 9e) pertains to the pull-off force needed to separate surfaces. This force was applied on oleogels during the return of the probe to its original position after spreading. Our findings indicate that the addition of SAC led to a significant increase in A0 values in SAC1 and SAC3 when compared to SAC0 (p < 0.05) (Figure 9e). However, no significant change was observed between the A0 values of SAC1 and SAC3 (p > 0.05). Further increments in SAC concentration, as seen in SAC5 and SAC10, did not result in any changes to the A0 values. The negative area (work of adhesion) values ranged between −756.97 g of SAC10 and −815.264 g of SAC1.




3.9. Curcumin Release Study


Curcumin, a naturally occurring polyphenolic hydrophobic bioactive compound, has exhibited a diverse range of therapeutic roles due to its anti-inflammatory, anti-cancer, and antioxidant properties [96]. Furthermore, curcumin has displayed potential in the treatment of conditions such as wound healing, arthritis, and Alzheimer’s disease. According to the FDA, curcuminoids that include curcumin are acknowledged as “GRAS” (Generally Recognized as Safe) [97]. Due to its widespread availability and cost-effectiveness, curcumin has been used as a model drug in numerous investigations assessing the efficacy of drug delivery systems. Clinical trials provided additional evidence of the excellent tolerability of high single oral doses of curcuminoids, reaching up to 12 g per day [97]. However, the effectiveness of curcumin as a nutraceutical agent is limited by its low water solubility and degradation in gastrointestinal and alkaline environments [98]. Oleogels have been used for a long time to deliver various hydrophobic bioactive compounds in food [99]. The present study aimed to assess the efficacy of the prepared oleogels as a delivery vehicle for curcumin. The oleogels, being fat-soluble in nature, have the potential to efficiently release curcumin in food, thereby enhancing its stability and facilitating controlled release in the body. The unique structure of oleogels also serves as a protective barrier and safeguards curcumin from degradation.



This carrier ability of oleogels was determined in terms of the cumulative percentage of curcumin release (CPCR), which is defined as the percentage of the amount of curcumin released per unit amount of loaded curcumin. The curcumin release profiles (Figure 10a) indicated that the addition of SAC enhanced the % CPCR from the oleogels. SAC1 showed the highest % CPCR value in the range of 30 to 35% after 180 min. This might be due to the presence of more amorphous regions (Figure 4) and large crystal sizes (Table 2) in SAC1. A subsequent increase in SAC in oleogels resulted in a decline in their CPCR percentages: SAC1 > SAC3 > SAC5 > SAC10 > SAC0. The lowest % CPCR value (~20%) was obtained from SAC0. It could be due to the smallest crystal size of SAC0 (Table 2) and its relatively compact crystalline network, which resulted in its reduced curcumin-release potential. It has been reported that the addition of SAC resulted in the formation of mesh structures with larger interstitial spaces [100]. This could be the reason for the increased % CPCR value of our oleogels on the addition of SAC. However, at higher concentrations of SAC, the % CPCR gradually decreased, which may be attributed to the creation of a non-homogeneous crystalline network due to the interference caused by the crystallization of SAC, which impacts the interstitial spaces, as already stated in previous sections.



In general, the release of any drug or bioactive compound from carrier matrices underlies various mechanisms that depend on the physical structure of the matrix polymer, drug solubility, interactions between the drug and the polymer, and diffusion of water. These mechanisms that control drug release can be learned via various mathematical models [101], e.g., Ritger–Peppas [102], Korsmeyer–Peppas [103], Peppas–Sahlin [104], etc. In this particular study, the Peppas-Sahlin (PS) model was utilized to evaluate the experimental data of curcumin release, as described by Equation (9).


  F =   K   d     t   m   +   K   r     t   2 m    



(10)







F represents the part of the solute released, and Kd and Kr are the Fickian and relaxation kinetics constants, respectively. m is the Fickian diffusional exponent, which inhibits controlled curcumin release, and t is the sampling time. A correlation coefficient of >0.99 obtained in all the oleogel samples suggested a good fitting of the experimental data with the modeled data (Table 4).



From the PS modeling (Figure 10b and Table 4), the calculated Kd values of the oleogel samples demonstrated a significant increase after the addition of SAC (p < 0.05). SAC1 reportedly showed the highest Kd value. With the subsequent addition of SAC, the Kd value gradually decreased. SAC3 showed a significant decrease in its Kd value compared to SAC1 (p < 0.05). However, it exhibited a significantly higher value than SAC0 (p < 0.05). Further addition of SAC did not provide a significant change in the Kd value of SAC5 from the SAC3 (p > 0.05) but showed a significantly higher value than SAC0 (p < 0.05). The Kd value of SAC10 was comparable to that of SAC5 (p > 0.05) but significantly lower than SAC3 and SAC1 and higher than SAC0 (p < 0.05). Higher Kd values in SAC-containing oleogel samples compared to SAC0 imply that SAC promoted the diffusion mechanism of curcumin release over the relaxation mechanism in the oleogel samples.



The Kr value of the oleogel, which reflects the contribution of gel relaxation to curcumin release, has also been determined. It was noted that the Kr value was considerably lower than the Kd value. However, it indicates that curcumin molecules are released through both Fickian diffusion and relaxation of the gelator network. All the oleogel samples demonstrated similar relaxation kinetic constants (Kr) to SAC0, with the exception of SAC1 and SAC5. SAC1 displayed a significantly higher Kr value (p << 0.05) compared to other samples, while SAC5 had a significantly lower Kr value (p < 0.05). The Kd/Kr value demonstrated the dominance of Fickian diffusion over relaxation in all the oleogel samples, which was also increased after the addition of SAC. The trend in both Kd and Kr values can also be correlated to the crystal network density observed in each sample. Since the Fickian diffusional exponent, also referred to as the ‘m’ value, is consistently less than 0.5 in all oleogels, they effectively facilitate quasi-Fickian diffusion of curcumin molecules throughout the curcumin release method [105].





4. Conclusions


In recent times, the prevalence of saturated fats in processed food products has become a cause of concern among health enthusiasts and experts. In light of this, researchers have been exploring alternative options, with one such option being the innovative oleogel formulation. This study aimed to investigate the capability of combining CW with GO to form a stable gel., and the effect of varying SAC concentrations on its properties was evaluated. A variety of analytical methods were employed, including microscopy, OBC measurements, colorimetry, FTIR, texture analysis, crystallization kinetics, XRD, and curcumin release assay. The current study revealed that at 5% CW, all the SAC-containing oleogels displayed a high OBC of >98% with a yellowish tint. Micrographs revealed that the CW crystals were tiny and granular in appearance. It was determined that among all the oleogel samples, SAC3 exhibited the most favorable characteristics. A comprehensive analysis revealed that SAC3 displayed the smallest d-spacing value and crystal size among all the SAC-containing samples, which indicated a highly compact crystal lattice structure. Furthermore, the polarized micrograph of SAC3 revealed the presence of prominent crystals, which contributed to the delayed crystal growth kinetics in comparison to other samples. The studies have found that SAC interferes with the crystallization of wax and confirms the role of SAC as a crystal habit modifier. In terms of textural properties, SAC3 demonstrated low stickiness, low spreadability, and a high work of adhesion. SAC3 showed an impressive ability to release curcumin, making it suitable for its drug delivery applications. For instance, the oleogel with high firmness may be utilized in confectionery products such as chocolate and candy. Based on these findings, SAC3 was deemed to be the most suitable sample for further exploration in food application studies. Investigations with higher concentrations (>5% (w/w) of CW will be performed in the future.
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Figure 1. Steps involved in the preparation of CW/GO/SAC oleogel. 
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Figure 2. Illustration of the appearance of oleogels and their oil binding capacities. (a) The visual appearance of the oleogels with different SAC concentrations. (b) The graphical representation compares the oil binding capacities of various oleogel samples. 
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Figure 3. Various color components of the oleogel samples were measured using colorimetry. (a) L* (lightness), (b) a* (red/green), (c) b* (yellow/blue), (d) Whiteness Index, and (e) Yellowness Index. The ‘#’ represents the significantly different values of the color components (t-test, p < 0.05). 
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Figure 4. Polarized light micrographs of the oleogel samples showing the crystal network of CW. In these micrographs, red arrows indicate the amorphous regions, whilst yellow arrows indicate the crystalline regions. 
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Figure 5. The FTIR spectra of (a) the raw components i.e., SAC, GO, and CW, and (b) oleogels. 
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Figure 6. The Raman spectra of (a) the raw components, i.e., SAC, GO, and CW, and (b) oleogels. 
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Figure 7. (a) Comparison of XRD diffractograms (Intensity vs. 2θ) of CW-GO oleogel samples. (b–f) Deconvoluted peaks of the respective CW-GO oleogel samples: SAC0 (b), SAC1 (c), SAC3 (d), SAC5 (e), and SAC10 (f). 
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Figure 8. Crystallization kinetic profile of the oleogel samples. (a) A Comparative Analysis of the average crystallization kinetic profiles of the oleogel samples. (b) Average crystallization kinetic profile of SAC0, (c) Average crystallization kinetic profile of SAC1, (d) Average crystallization kinetic profile of SAC3, (e) Average crystallization kinetic profile of SAC5, and (f) Average crystallization kinetic profile of SAC10. The red and green arrows represents a sharp decline in temperature (or nucleation phase) and a constant or saturated temperature (or thermal equilibrium), respectively, in the crystallization process. 
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Figure 9. Texture analysis of the oleogel samples. (a) Average spreadability test profile parameters of the oleogel samples, where the red arrow marks the inflections in the curve. Texture analysis parameters of the oleogel samples involving (b) Firmness, F0 (c) Stickiness, S0 (d) Work of shear, C0, (e) Work of adhesion, A0. The ‘#’ represents the significantly different values of the different spreadability parameters (t-test, p < 0.05). 
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Figure 10. (a) Curcumin release profiles of the oleogel samples. (b) PS model fitting of the curcumin release profiles. 
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Table 1. Composition of the oleogels. The number in the sample acronym denotes the concentration of SAC in oleogel, which is 0 mg, 1 mg, 3 mg, 5 mg, and 10 mg.
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	Samples
	CW (g)
	GO (g)
	SAC Stock (g)
	Final Weight (g)
	SAC (mg)
	Percentage of SAC (%)





	SAC0
	1
	19
	0
	20
	0
	0



	SAC1
	1
	18
	1
	20
	1
	5



	SAC3
	1
	16
	3
	20
	3
	15



	SAC5
	1
	14
	5
	20
	5
	25



	SAC10
	1
	9
	10
	20
	10
	50










 





Table 2. XRD parameters of the oleogel samples.
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	Samples
	Peaks
	Peak Position

(xc)
	Peak Width (FWHM)
	Height
	d-Spacing (Å)
	Crystallite Size (nm)
	Lattice Strain
	Dislocation Density

(δ) × 1017 Lines/m2





	SAC0
	1
	22.18
	4.74
	603.44
	4.65
	2.07
	0.11
	0.23



	
	2
	24.15
	3.43
	297.96
	4.28
	2.88
	0.07
	0.12



	
	3
	25.24
	0.52
	185.16
	4.10
	18.83
	0.01
	0.00



	
	4
	27.29
	3.55
	193.85
	3.79
	2.80
	0.06
	0.13



	
	5
	18.15
	3.06
	62.53
	5.68
	3.19
	0.08
	0.10



	
	6
	26.12
	0.94
	21.52
	3.96
	10.49
	0.02
	0.01



	Average
	
	
	2.71
	
	4.41
	6.71
	0.06
	0.10



	
	
	
	
	
	
	
	
	



	SAC1
	1
	23.13
	4.30
	670.36
	4.46
	2.29
	0.09
	0.19



	
	2
	24.39
	0.58
	22.62
	4.24
	16.87
	0.01
	0.00



	
	3
	25.17
	0.55
	205.69
	4.11
	17.88
	0.01
	0.00



	
	4
	26.04
	1.20
	45.06
	3.97
	8.25
	0.02
	0.01



	
	5
	27.31
	3.52
	162.56
	3.79
	2.82
	0.06
	0.13



	
	6
	19.95
	4.43
	190.38
	5.17
	2.21
	0.11
	0.20



	Average
	
	
	2.43
	
	4.29
	8.39
	0.05
	0.09



	
	
	
	
	
	
	
	
	



	SAC3
	1
	22.96
	3.26
	211.03
	4.50
	3.02
	0.07
	0.11



	
	2
	25.23
	3.43
	108.26
	4.10
	2.89
	0.07
	0.12



	
	3
	25.23
	0.49
	129.38
	4.10
	20.15
	0.01
	0.00



	
	4
	27.81
	5.19
	115.45
	3.72
	1.92
	0.09
	0.27



	
	5
	28.01
	0.57
	39.92
	3.70
	17.52
	0.01
	0.00



	
	6
	22.43
	6.38
	398.81
	4.60
	1.54
	0.14
	0.42



	Average
	
	
	3.22
	
	4.12
	7.84
	0.06
	0.15



	
	
	
	
	
	
	
	
	



	SAC5
	1
	23.14
	3.71
	306.60
	4.46
	2.65
	0.08
	0.14



	
	2
	24.21
	0.84
	23.05
	4.27
	11.74
	0.02
	0.01



	
	3
	25.21
	0.55
	142.92
	4.10
	18.00
	0.01
	0.00



	
	4
	25.99
	0.71
	18.23
	3.98
	13.88
	0.01
	0.01



	
	5
	26.25
	5.71
	201.88
	3.94
	1.74
	0.11
	0.33



	
	6
	21.07
	4.83
	190.37
	4.89
	2.03
	0.11
	0.24



	Average
	
	
	2.73
	
	4.27
	8.34
	0.06
	0.12



	
	
	
	
	
	
	
	
	



	SAC10
	1
	22.90
	3.54
	359.25
	4.51
	2.78
	0.08
	0.13



	
	2
	24.42
	2.28
	75.77
	4.23
	4.33
	0.05
	0.05



	
	3
	25.25
	0.51
	165.65
	4.09
	19.39
	0.01
	0.00



	
	4
	26.04
	0.52
	24.00
	3.97
	19.14
	0.01
	0.00



	
	5
	26.05
	5.93
	280.91
	3.97
	1.67
	0.11
	0.36



	
	6
	21.04
	5.57
	279.80
	4.90
	1.76
	0.13
	0.32



	Average
	
	
	3.06
	
	4.28
	8.18
	0.06
	0.14










 





Table 3. Crystallization kinetic parameters of the oleogel samples.
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Temp vs. Time

	
Exponential Decay Model




	
Samples

	
Onset of Secondary Crystallization (s)

	
Time to Reach Thermal Equilibrium (s)

	
Initial Rate of Crystallization (k) (°C/ms)






	
SAC0

	
393.33 ± 41.63 ab

	
1143.33 ± 136.50 ab

	
2.62 ± 0.42 a




	
SAC1

	
343.33 ± 30.55 a

	
1053.33 ± 37.86 a

	
2.93 ± 0.30 a




	
SAC3

	
430 ± 20 b

	
1220 ± 79.37 b

	
2.41 ± 0.19 a




	
SAC5

	
370 ± 45.83 ab

	
1106.67 ± 87.37 ab

	
2.75 ± 0.38 a




	
SAC10

	
310 ± 34.64 a

	
1013.33 ± 37.86 a

	
3.31 ± 0.65 a








Superscripts in the same column with different alphabets indicate statistically significant (p < 0.05) values.













 





Table 4. The PS model parameters as derived from the curcumin release experimental data.
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	Sample
	Kd
	Kr
	Kd/Kr
	m
	R2





	SAC0
	1.23 a
	0.25 b
	5.02 a
	0.34 a
	0.99



	SAC1
	4.74 d
	0.79 c
	6.17 a
	0.30 a
	0.99



	SAC3
	2.64 c
	0.26 b
	10.18 b
	0.42 b
	0.99



	SAC5
	1.89 bc
	0.09 a
	22.41 c
	0.48 c
	0.99



	SAC10
	1.66 b
	0.30 b
	5.52 a
	0.36 ab
	0.99







Superscripts in the same column with different alphabets indicate statistically significant (p < 0.05) values.
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