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Abstract

:

The development of consumer-friendly nutraceutical dosage forms is highly important for greater acceptance. In this work, such dosage forms were prepared based on structured emulsions (emulgels), where the olive oil phase was filled within the pectin-based jelly candy. The emulgel-based candies were designed as bi-modal carriers, where oil-soluble curcumin and water-soluble riboflavin were incorporated as the model nutraceuticals. Initially, emulsions were prepared by homogenizing varied concentrations (10% to 30% (w/w)) of olive oil in a 5% (w/w) pectin solution that contained sucrose and citric acid. Herein, pectin acted as a structuring agent-cum-stabilizer. Physico–chemical properties of the developed formulations were thoroughly analyzed. These studies revealed that olive oil interferes with the formation of polymer networks of pectin and the crystallization properties of sugar in candies. This was confirmed by performing FTIR spectroscopy and DSC studies. In vitro disintegration studies showed an insignificant difference in the disintegration behavior of candies, although olive oil concentration was varied. Riboflavin and curcumin were then incorporated into the jelly candy formulations to analyze whether the developed formulations could deliver both hydrophilic and hydrophobic nutraceutical agents. We found that the developed jelly candy formulations were capable of delivering both types of nutraceutical agents. The outcome of the present study may open new directions for designing and developing oral nutraceutical dosage forms.
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1. Introduction


Oral administration of pharmaceutical dosage forms has been considered the most versatile patient compliance administration method for a long time. More than 60% of bioactive agents are orally administrated [1]. In comparison to other modes of delivery, the oral route lowers the risk of disease transmission, is cost-effective, and increases patient compliance. The disadvantages of oral administration are less absorption, poor solubility, poor permeability, and fast degradation in the gastrointestinal tract. Therefore, numerous strategies have been extensively researched to circumvent the drawbacks of therapeutic drug delivery via the oral route. A novel candy-based drug delivery system has been proposed for this approach that minimizes the disadvantages [2]. Due to their higher acceptability among consumers, these candies are a promising formulation to fortify with different bioactive compounds such as antioxidants, nutraceuticals, etc. Such formulations are expected to effectively deliver bioactive ingredients for human health and benefit wide demography, ranging from kids to adults [3,4,5].



Gels are formed by a three-dimensional network of interconnected particles or molecules that trap liquid within their structure [6,7]. The liquid can be water, oil, or any other solvent, and the particles or molecules that form the network can be polymers, proteins, or other organic or inorganic materials. The materials can interact through chemical or physical processes to create a stable gel structure. Depending on the nature of the materials and the gelation process, various properties, such as texture, stiffness, and water-holding capacity, can be modulated. Hydrogels and organogels are the most commonly used gels in the pharmaceutical, food, and cosmetic industries. However, the limitations associated with them constrain their application for the delivery of specific hydrophobic and/or hydrophilic bioactive compounds. According to Farzami et al. (2019), the hydrophilic nature of hydrogels limits their applicability in delivering hydrophobic molecules [8]. In such scenarios, the emulsification of gels can be an alternative for similar applications. Fabricating emulsion gels/emulgels can be performed by embedding an emulsion into either a gel phase or a pre-gel polymer solution, followed by gelation. The gel network becomes tightly packed during the setting process, forming a network from flocculated droplets, resulting in a firmer and more stable gel. The overall process of emulsification of gels and their probable applications in various sectors was shown in Scheme 1. Eventually, the formulated hybrid systems can provide the advantages of emulsions and hydrogels, i.e., the ability to solubilize hydrophobic and hydrophilic components and good thermodynamic stability. The literature has reported that emulgels can be used as fat replacers in food products, and they can also be used as delivery systems to encapsulate and release bioactive compounds [9]. Emulsion gels combined with animal fat have been suggested to make lower-calorie meat products without sacrificing flavor. By altering sodium mobility and binding behavior, emulsion gels help manage sodium availability and perception, allowing for lower salt content in meat products [10]. Several studies have reported using emulsion gels to deliver bioactive compounds, including curcumin, β-carotene, α-tocopherol, and vitamin A [11]. The use of emulgels as delivery systems helps to improve the controlled release of bioactive ingredients during oral processing and gastric digestion [12,13].



In the confectionery food segment, jelly candies account for nearly 50% of the market, becoming a popular health supplement for millions [14]. Most children prefer soft confectionery foods such as pastilles, edible jelly, and gummy candies because they are easier to swallow and have a pleasant taste [15]. These normally consist of a large amount of sugar with a certain amount of gelling agents, such as pectin, gelatin, agar, etc. [1]. Pectin, a plant-derived anionic hydrocolloid, is one of the most commonly employed gelling agents [16]. It is also a commonly used biopolymer that is used in several scientific fields due to its low cost, availability, safety, and functionality [17]. Pectin is a polysaccharide found naturally in a variety of plants, and the major constituent of pectin is galacturonic acid [18]. The three-dimensional water-insoluble network structure of pectin can entrap and immobilize various biologically-active molecules when it undergoes cross-linking. Pectin gel has unique properties, making it a perfect material for designing nutrient and medication delivery systems [19]. Nevertheless, there is little knowledge on adding emulsion to food products with a gel-like structure, such as jelly candies [3]. The emulgel matrix is a complex colloidal system obtained by replacing the hydro phase of the gel (partially or totally) with an emulsion [20]. Thus, emulgel-based jelly candies are suitable for delivering lipophilic and hydrophilic bioactive agents by emulsifying the candy formulations [21]. In this regard, we used olive oil, which acts as a lipid phase. Olive oil is the most preferred edible oil due to monounsaturated fatty acid, i.e., oleic acid, which helps decrease the risk of oxidative deterioration [22]. The incorporation of olive oil in the jelly candy matrix can improve the properties of the candy matrices as prospective delivery systems [23]. Due to its organoleptic qualities in association with positive health effects, olive oil has become more popular in recent years [24].



Our preliminary literature review exposed that an investigation into emulgel-based jelly candy formulations has yet to be carried out [25,26,27]. Therefore, in this present study, we primarily concentrated on the development and characterization of emulsified jelly candy formulations of pectin and olive oil, wherein the composition of the biphasic system was varied. The formulated jelly candies were characterized to understand the physicochemical, thermal, mechanical, and drug release properties. Such characterizations were performed by conducting a transparency study, pH measurement, disintegration test, color analysis, FTIR spectroscopy, impedance analysis, and mechanical testing. The thermal behavior of the candy formulations was studied through differential scanning calorimetry (DSC). In order to test our hypothesis that the emulgel candies can deliver both hydrophilic and hydrophobic agents, we incorporated riboflavin and curcumin into the formulations and studied their release properties. Subsequently, their release profile was also analyzed.




2. Results and Discussion


2.1. Preparation of Candy


Sucrose solution, citric acid, pectin solution, and olive oil were used to develop the emulgel candies. The control candy (AP00) was prepared by mixing SCS with the structuring agent (pectin solution). Pectin is a polysaccharide that requires certain suitable conditions to form a gel. Previous studies have reported that pectin molecules require a low molecular co-solute that acts as a dehydrating agent (e.g., sucrose) to initiate gelation [28]. The literature has also stated that citric acid promotes the gelation of anionic polymers, including pectin [29]. The addition of citric acid lowers the pH and induces pectin gel formation. When the pH of the solution is reduced, the ionization of the carboxylate groups is suppressed. This results in the conversion of highly hydrated carboxylate groups of pectin into mildly hydrated carboxylic acid groups. Hence, the pectin molecules no longer reject each other along the polymer length due to losing their charge. Due to this reason, the pectin polymer chains associate themselves along a portion of their length to form a gel. There were also reports that the -COOH chain of the pectin molecule provides stability to the gel matrix via steric and electrostatic interactions [22]. A previous study reported that pectin acts as an anchor for the emulsification of oil droplets [30]. The insoluble pectin gelator network facilitated the entrapment of olive oil and formed structured O/W emulsions, as shown in Figure 1. All the formulations showed multiple-sized droplets, irrespective of the olive oil volume. The size and droplet density seems to have increased along with the olive oil content. Oil droplets in AP30 (the formulation containing 30% (v/v) olive oil) were densely packed and deformed (Figure 1e). This indicates that adding olive oil has significantly altered the structural integrity of the candy formulations.



Preliminary investigation showed that the concentration of pectin significantly affects the preparation of jelly candies. Softer candies were formed when pectin concentration was up to 30% (w/w) in the formulation. Thus, the candy with 30% PS was chosen as the control formulation (AP00). AP00 was a brownish solid, non-sticky, elastic, and thermally irreversible. Adding citric acid to the sucrose solution turned the formulations yellowish–brown in color (Figure 2a). The inclusion of olive oil resulted in color differences when observed through the naked eye. All the candies were transparent (Figure 3). AP00 was a highly transparent candy, and the transparency started decreasing with the increase in olive oil concentration in the candy formulations. Similar observations were reported by Pan et al. (2022), who investigated the droplet distribution in xanthan gum-based soft candies. They observed that as the concentration of the gum increases, oil droplets become more crowded, creating a more uniform distribution in the candy formulations [31].




2.2. Colorimetry Analysis


The color parameter of any food material is a significant index in terms of overall appearance, quality, genuineness, and consumer acceptance. The effect of olive oil addition based on Commission Internationale de l’Eclairage (CIE) color measuring coordinates, i.e., L* (black to white), a* (green to red), b* (blue to yellow), WI, YI, and ΔE are presented in Figure 4. AP00 appeared to be clearer and more transparent. The addition of olive oil into the formulation affected the color parameters of the candy.



The average lightness values (L*) of the candy formulations ranged from 88 to 90 (Figure 4a), indicating the luminous property of the formulations [32]. When olive oil was added, there was no discernible change in the appearance of the food gel. Hence, the high L* values are acceptable [33]. AP00 showed the lowest L* value among all the formulations. However, the incorporation of olive oil in the formulation increased L* values. Previous study results showed that the values of L* for olive oil range between 91.5 and 97.2 [34]. Compared to the control, AP10 and AP20 had significantly higher L* values (p = 0.001). The rest of the formulations were similar to that of the control (p > 0.05). Overall, olive oil showed an insignificant effect on the L* values of the formulations.



The average a* values of the formulations lie within a negative value region between −19 and −4 (Figure 4b). The previous literature reported that negative values of a* indicate the development of a greenish color [34]. AP00, which did not contain olive oil, had the lowest a* value. The subsequent incorporation of olive oil resulted in a significant increase in the a* value in AP10 (p = 0.001), AP15 (p = 0.042), and AP20 (p = 0.001) compared to the control. However, a further increase in the olive oil content lowered the a* values in AP25 and AP30, wherein the a* values were similar to AP00. Among the olive oil-containing formulations, AP10 and AP20 had the highest values (p > 0.05). Therefore, a* values suggest that the inclusion of olive oil played a significant role in developing greenness in the formulations. However, a* values did not follow any trend with the increased olive oil concentration (Figure 4b).



According to the CEILAB color coordinates, positive b* values indicate the yellowish tone in the formulations. All the formulations had a b* value ranging from 68 to 93 (Figure 4c). The b* value for the control sample (AP00) was statistically similar compared to the olive oil-containing formulations except for AP20 (p = 0.027) and AP30 (p = 0.001). The addition of olive oil increased the yellow tone in the formulation till AP25. Subsequently, a sharp decrease in the b* value was noticed in AP30, which showed the highest standard deviation of b* values among all the formulations.



The WI is the intensity of light reflected in all directions by an ideal reflecting surface that neither absorbs nor transmits light. The WI of the AP00 had a value of 11.05 ± 0.78. The addition of olive oil lowered the WI values significantly in all the formulations except for AP30 (Figure 4d). The statistical pattern of WI followed a similar trend as observed with the b* values, where AP30 significantly differed from the others (p < 0.05). The YI of the formulations also followed the trend as that of b* values (Figure 4e). Among all, the control formulation showed the highest YI value of 142.61 ± 0.53. The addition of olive oil resulted in lower YI values. Among the olive oil-based formulations, AP25 showed the highest YI value, while AP30 showed the lowest YI value. The YI value of the rest of the formulations was found to be similar to that of the control sample.



The total color difference, ΔE, was calculated using Equation (3) by considering AP00 as the standard. ΔE values of the candy formulations ranged between 6 and 20 (Figure 4f). The ΔE of all the candy formulations was greater than five, indicating that the human eye can perceive the color differences in the formulations with respect to the control sample (Figure 2) [35].




2.3. pH Analysis


The pH of candy formulations plays a critical role in their stability. Pectin exhibits a higher degree of polymerization at a lower pH value [36]. This is due to the strong intermolecular interaction among the pectin chains, thereby increasing the mechanical stability of the pectin formulation. The pH of the developed candy formulations ranges between 3.03 and 3.45 (Figure S1). The low pH of the candy formulations can be explained by the presence of citric acid in the formulations. The pH value of the emulgel candies showed statistically no difference (p > 0.05; Figure S1) compared to the control formulation. An increase in the concentration of olive oil did not affect the pH of the formulations.




2.4. FTIR Spectroscopy


FTIR spectroscopy is a versatile tool that helps to identify the structural arrangement and chemical interactions between the formulated candy components by observing the corresponding absorption peaks of functional groups (Figure 5; Table S1). FTIR spectra of SCS showed absorption peaks at 3279, 2926, 1642, 1414, 1345, and 1022 cm−1. A broad, strong absorption peak at 3279 cm−1 was due to the O-H stretching vibration of the water molecules in the SCS solution and the alcohol groups associated with the sucrose molecule [37]. The shoulder peak obtained at 2926 cm−1 can be attributed to the asymmetric C-H stretching of aliphatic groups of the sucrose molecule [38]. At 1642 cm−1, a weak absorption band was observed, which can be related to the deformation of water molecules embedded within the sucrose matrix [39]. Small and weak peaks were also obtained at 1414 and 1345 cm−1 in the FTIR spectrum of SCS. The peak at 1414 cm−1 arose due to the twisting of the water molecules after bonding with sucrose molecules in the SCS solution [40]. The peak at 1345 cm−1 can be assigned to the symmetric scissoring of the C-OH groups in citric acid [41], whereas the strong peak at 1022 cm−1 can be attributed to C–C bonds stretching in sucrose [41].



The FTIR spectrum of PS showed characteristic peaks at 3328, 1636, 1102, and 1018 cm−1. The strong and broad peak at 3328 cm−1 refers to the O-H vibration of the hydroxyl group related to intra- and inter-molecular H-bonds of the galacturonic acid present in pectin [42]. Further, the medium intense peak at 1636 cm−1 indicates the C=O stretching vibration of the carboxylate ion (COO−). The weaker symmetric COO− stretching in pectin samples can be identified by observing the moderately intense absorption patterns in the fingerprint region of 1300 to 800 cm−1 [43]. Additionally, the absorption band at the wavenumber 1018 cm−1 suggests the presence of natural sugars and galactose [44]. In PS spectra, a strong and broad peak was obtained at 3326 cm−1, indicating the stretching of hydroxyl groups in the glucopyranose ring. A small and weak band at 1636 cm−1 was obtained due to the presence of carboxylate anion (COO−) [45].



FTIR-spectrum pure olive oil is shown in Figure 5a. Major peaks corresponding to the fatty acid composition of olive oil are summarized here. The conjugative sharp bands at 2924 cm−1 and 2861 cm−1 are due to the antisymmetric and symmetric stretching vibrations of aliphatic C-H in -CH2 and terminal -CH3 groups, respectively [46]. In addition, the sharp peak at 1743 cm−1 arose because of the C=O (ester peak) stretching vibration of the carbonyl group of triacylglycerols [47]. The fingerprint region (1455–721 cm−1) of the spectrum shows the bending and rocking vibration of aliphatic groups. CH2 scissoring was confirmed due to the presence of the peak at 1455 cm−1 [48]. The characteristic peak at 1366 cm−1 is associated with the asymmetric H-C-H bending of the glycerol group’s O-CH2 corresponding to mono, di, and triglycerides [49]. The band at 1158 cm−1 is assigned to the C-O stretching attributed to the tertiary alcohols [50]. Finally, the prominent peak observed at 721 cm−1 may be attributed to the superimposition of the alkyl skeletal rocking oscillation and out-of-plane vibration (-CH wagging) of cis-di-substituted olefins [47].



The FTIR spectra of the emulgel-based candy formulations are represented in Figure 5b. Similar spectral features were seen in AP00 (control candy formulation) and the sucrose citric acid solution. A broad, strong band at 3256 cm−1 can be associated with stretching vibrations of -OH group due to intermolecular H-bonding among the -OH groups of pectin and the SCS solution (Santos et al., 2020). The developed candy formulations have shown nearly all the absorption peaks as presented in the raw materials. Interestingly, the incorporation of olive oil resulted in a gradual decrease in the peak intensity at 3277 cm−1 from AP00-AP30, except AP20. This indicated a decrease in the intermolecular hydrogen bonding with the increased olive oil content. The appearance of absorption peaks at 2926 cm−1 in AP00 might be because of the formation of physical bonds between the components [51]. In AP25 and AP30, the absorption peak trend was similar to that of olive oil. This might be due to the saturation of the emulsion with the oil phase [52,53]. This can be correlated with the candy microstructures (Figure 1d,e), where insignificant phase separation was noticed.




2.5. DSC Analysis


DSC is the most common method for evaluating the thermal properties of food products. The thermal-dependent process is always associated with the absorption or emission of energy in the form of heat. Thus, the area under the endothermic peaks quantitatively provides the amount of heat absorbed during the melting. It also presents the thermal behavior of the ingredients present in the samples. In other words, the thermal events related to the raw materials used to develop the formulations are also presented. In our case, the primary constituent of the candy formulations is SCS. Sugars (e.g., sucrose, fructose, and glucose) play a significant role in determining the stability of polysaccharide gel-based food products. In sugar-containing polysaccharide gels, the sugars can affect the interactions between the polysaccharide chains and water molecules [54]. This results in differential hydration of polysaccharides in the presence of sugars. The endothermic curve of candy formulations showed two types of peaks, i.e., broad peaks and sharp peaks (Figure 6). In AP00, the initiation of the thermal event (~40 °C) was due to the evaporation of loosely bound water molecules. After 50 °C, the heat flow increased, and a small hump appeared at ~128 °C (peak 1), which can be associated with the evaporation of entrapped water molecules in the jelly candy formulations. A further temperature increase led to another broad peak at ~138 °C (peak 2). This broad peak might have arisen due to the evaporation of the bound moisture in the pectin molecules [55]. Subsequently, another sharp endothermic peak (peak 3) was observed at ~148 °C. This sharp peak is due to the disruption of the crystalline structure of the sucrose molecules [56]. It has been reported that the melting temperature (Tm) of sucrose is 150 °C at a thermal scanning rate of 10 °C/min [57]. The minor decrement in the Tm can be explained by the presence of pectin within the candy formulations [58].



Candy formulations (AP10 to AP30) showed a shift in the endothermic peak as compared to the control formulation (AP00). This shifting of the peaks can be related to the addition of olive oil to the formulations. Except for AP10, other formulations showed a great variation in peak intensity (Figure 6c–f). AP10 showed the highest peak among all the formulations. The high intensity of the sharp peaks suggests that sucrose molecules had crystallized better than in the other candy formulations [59]. Interestingly a peak was seen in the range of 151 °C and 158 °C. This particular peak intensity gradually increased with the olive oil concentration in the candy formulations and can be correlated with the FTIR analysis, where a decrement of intermolecular hydrogen bonding was observed with the addition of olive oil into the candy formulations.




2.6. Mechanical Analysis


The texture of candy is determined by the arrangement and interaction of different ingredients at both the microscopic and macroscopic levels, and it profoundly affects the acceptance by the customer [31]. The SR profiles of candy formulations were analyzed to determine the mechanical properties of the formulations when stress was applied (Figure 7). This study provides information about the viscoelastic nature of the formulations. The maximum force attained during the compression process is defined as “F0”, indicating the firmness of the formulations. When the force reached a maximum, the testing probe maintained the same position for 60 s. As time progressed, applied force decreased exponentially due to the extent of material relaxation, which depended on the composition of formulations. The force experienced by the load cell after 60 s is termed the “residual force” (F60). It was observed that the AP00 had a higher firmness than the rest of the formulations. The higher firmness of AP00 can be attributed to the maximum intermolecular interactions, as described in the FTIR analysis. The incorporation of olive oil into the candy formulations resulted in the decrement of the F0 values in a concentration-dependent manner. However, the F0 value of AP30 was significantly lower than AP00 (p < 0.05). Among the olive oil-containing formulations, the F0 value of AP10 and AP30 was statistically different (p = 0.001). The F60 value of the control (AP00) and emulgel-based formulations (AP10 to AP30) overall followed a similar trend as the F0 values.



The percentage relaxation of stress (%SR) in the formulations was evaluated using Equation (4) [60]. Figure 7d confirms the higher impact of olive oil on stress relaxation, that is, the mechanical properties of the formulations. The %SR values of the candy formulations ranged between 33 and 50%, suggesting that the formulations predominantly consisted of elastic components [61]. In general, there was an increase in the %SR of the formulations as the olive oil content was increased until AP15. Thereafter, the %SR decreased until AP25. Interestingly, the %SR was increased in AP30, which was similar to that of AP15 (p = 0.984). It can be observed that the incorporation of olive oil in the candy formulations increased the %SR as compared to AP00 (p < 0.05) and, hence, the viscous component in the candy formulations. Interestingly, AP15 showed a higher standard deviation for %SR value than the rest of the formulations, which may be explained by the higher crystalline nature of the sucrose molecules [62,63].




2.7. In Vitro Disintegration Test


The in vitro disintegration times of the candy formulations in different pH media are shown in Figure 8. In stimulated gastric pH (pH 1.2), the disintegration time (DT) of AP00 was 23 ± 0.45 min. The incorporation of olive oil increased the DT of the candy formulations, except AP15. Among the olive oil-containing formulations, AP10 showed the highest DT, followed by AP20, AP25, and AP30, which showed a similar DT (p > 0.05). The DT of AP15 was the lowest among all the formulations (p = 0.001).



When the pH of the medium was increased to 5.8 (simulated duodenal fluid), a dramatic decrease in the DT was noticed in the olive oil-containing candy formulations as compared to the control (AP00). The DT of AP00 was at pH 5.8, and pH 1.2 was similar. Such a result was expected because the -COOH groups in pectin and the citric acid become ionized at a higher pH. Further, an increase in the pH of the disintegrating medium to 7.2 (simulated intestinal fluid; Figure 8c) and a decrease in the DT of the candy formulations were observed as compared to AP00. Among all the formulations, a significant reduction in DT was observed in AP15, which was statistically significant against other formulations (p < 0.05). In short, the DT of AP00 at all three pHs was similarly valued (p > 0.05). However, the incorporation of olive oil considerably tailored the DT of the candy formulations, which can be explained by the presence of carboxylic acid groups in the fatty acids of olive oil.




2.8. Drug Release Study


The in vitro curcumin and riboflavin release from the candy formulations were evaluated in simulated gastric pH (1.2), simulated duodenal pH (5.8), and simulated intestinal fluid (7.2), separately. For curcumin, the candy formulations showed a higher cumulative percentage release (CPR) compared to the control candy formulation (AP00) in all simulated conditions. The CPR of curcumin (180 min) from all emulgel candy formulations was more than two times higher than the control candy across all pH. No significant effect of pH on the curcumin release from the formulations was seen. The CPR from all emulgel candy formulations was higher at pH 5.8 (Figure 9b). AP25C showed the highest CPR of 74.65% at pH 5.8. Hosseini et al. (2022) reported a similar percentage of drug release, where oral jelly candies were designed to replace conventional oral tablets for children [64]. This study reports that polymeric gelling agents can be suitably incorporated into jelly-based formulations for novel dosage forms of important drugs.



Further, the release of riboflavin from AP00 was higher than the emulgel candy formulations. The CPR of riboflavin release from the control formulation was more than 80% at all pHs (Figure 10). A significant decrease in riboflavin was observed in all emulgel candy formulations. The release of riboflavin from the control candy was about 80% within the first 30 min of the study. Such observation indicates the easy impairment of gel stability, enabling the release of riboflavin from the formulations. This burst release of riboflavin from the control formulation could be due to the hydrophilic nature of the riboflavin. Thereafter, the release of riboflavin was nearly constant for the remaining duration of the experiment (3 h). A significantly reduced CPR was observed upon the addition of olive oil within the candy formulations. In other words, there was a decrease in the CPR values with the increase in oil proportion in the candy formulations. This phenomenon was observed in all the simulated gastrointestinal tract conditions. Such a drug release profile suggests a controlled and stable release of the riboflavin molecules from the jelly candy matrix. Moura et al. (2019) investigated the release of anthocyanin from pectin/starch-based jelly candies at pH 1.2 and pH 7.4. The anthocyanin release profile showed that encapsulated samples have a lower release of anthocyanin during the gastric phase of digestion [65].





3. Conclusions


The present study formulated a series of emulgel-based jelly candies using sucrose, pectin, and olive oil. Various physicochemical characterizations were performed to evaluate the influence of the olive oil concentration on the properties of the candy formulation. The candy formulations were acidic due to the presence of citric acid. It was observed that the prepared candy formulations had a yellowish tone of the formulations with positive L* and b* values. The FTIR spectroscopy showed that including olive oil decreased the hydrogen bonding intensity within the candy matrices. Thermal analysis revealed the presence of a crystallized sucrose network in the formulations; among all, AP00 possessed the best crystalline structure. The firmness of the candy formulations was lowered with a corresponding increase in the viscous component as olive oil concentration was increased. Disintegration studies suggested that the incorporation of olive oil did not markedly affect the DT at pH 1.2 compared to AP00 (control formulation), except AP15. This suggests the stability of the formulations at an acidic pH that can be useful during the controlled release of the bioactive materials. However, at pHs 5.8 and 7.2, there was a marked reduction in DT as compared to the DT of AP00. Further, it was observed that there was a higher curcumin release from the emulgel candy formulations in comparison to the control candy formulations. However, the release of riboflavin was markedly decreased from the emulgel candy formulation. In short, the preliminary findings of this study suggest that emulgel candy formulations have the potential to carry both hydrophilic and hydrophobic nutraceuticals as a single formulation and may be explored as oral nutraceutical delivery carriers.




4. Materials and Methods


4.1. Materials


Edible-grade sucrose was purchased from the local grocery store. Pectin (Sweet King India L.L.P, New Delhi, India), citric acid (Central Drug House (P) Ltd., New Delhi, India), olive oil (Ruchi Food Line, Cuttack, Odisha, India), methylparaben (Loba Chemie, Mumbai, India), and propylparaben (Loba Chemie, Mumbai, India) were purchased. Preservative water (PW) was prepared by dissolving methylparaben (C8H8O3; 0.5% w/w) and propylparaben (C10H12O3; 0.05% w/w) in distilled water at 60 °C.




4.2. Methodology


Preparation of the Candy Formulations


An amount of 5% (w/w) pectin solution (PS) and 66% w/w sugar solution were prepared in separate vials. An amount of 5 g of pectin powder was added to PW at 60 °C with continuous stirring at 400 RPM using a temperature-controlled magnetic stirrer (Model RQ-125/D, Remi Motors, India Pvt. Ltd., Mumbai, India). Simultaneously, 40 g of sucrose and 1 g of citric acid were dissolved in distilled water (150 °C) to form a transparent homogeneous solution named sucrose citric acid solution (SCS). A homogenous candy solution was prepared by mixing PS and SCS using the mechanical stirrer at 300 rpm for 3 min. The homogenous solution was then transferred to a container and allowed to solidify at room temperature (25 °C) [31]. The freshly prepared olive oil-free candy formulation was regarded as the control (AP00).



Emulgel candies were also prepared by following the above procedure with slight modifications. Olive oil was incorporated within PS at various concentrations, which was used for the preparation of the candy formulations. In short, olive oil was first dispersed in PS and homogenized at 1000 rpm for 10 min using a mechanical stirrer (Model RQ-125/D, Remi Motors, India Pvt. Ltd.). Five emulsions were prepared by varying olive oil concentrations, i.e., 10, 15, 20, 25, and 30% w/w in PS. The oil-in-water (O/W) pectin-based emulsion was further diluted in a water-continuous SCS. Then, the emulgel candies were prepared by following the procedure described above. The prepared candy formulations were denoted as AP10, AP15, AP20, AP25, and AP30, respectively.



Curcumin and riboflavin were used as the model nutraceutical agents. For the samples that contained curcumin, 150 mg of curcumin was added to olive oil while preparing the formulation. Similarly, 250 mg of riboflavin was added to the pectin solution. The nutraceutical-loaded olive oil and PS were used for the development of nutraceutical-loaded emulgel candies. The composition of all the formulations is given in Table 1.





4.3. Characterization of the Candies


4.3.1. pH Measurement


The pH of the developed candies was recorded using a digital pH meter (Dolphin instruments, Mumbai, India) at room temperature (25 ± 2 °C) [66]. The measurements were performed in triplicate.




4.3.2. Colorimetry Analysis


The colorimetric parameters of the formulations, L* for lightness (white to black), a* (for red to green), and b* (for blue to yellow),, were analyzed using an in-house developed colorimeter [67]. For this purpose, formulations were prepared in 35 mm Petri dishes, and the colorimetric device captured the image of the formulations [68]. The whiteness index (WI), yellowness index (YI), and absolute color differences (∆E) were calculated using the following equations.


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



(1)






  Y I = 142.86     b   *       L   *      



(2)






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



(3)








4.3.3. FTIR Analysis


In order to examine the FTIR spectra of the raw materials and formulations, an FTIR spectrophotometer (AlphaE ATR-FTIR, Bruker, Berlin, Germany) was employed. The spectroscope was working in the Attenuated Total Reflectance (ATR) mode to capture the spectra of the formulations in the wavenumber range of 4000 cm−1 to 400 cm−1 in frequency. A total of 36 scans were performed for the spectral integration of each formulation [66].




4.3.4. Disintegration Time Study


Using a Tablet Disintegrator Test machine (DT1000, LAB INDIA, Analytical Instruments Pvt. Ltd., Navi Mumbai, India), the amount of time necessary for disintegrating the candy was calculated. In order to disintegrate the candies (2 g), the candies were placed in the sample holder, and 700 mL of the disintegration media was poured into the basket [69]. Then, it was recorded how long it took for each formulation to disintegrate. To simulate the stomach, duodenum, and colon conditions, the dissolving medium’s pH was adjusted as 1.2, 5.8, and 7.2, respectively.




4.3.5. In Vitro Drug Release Study


The release of curcumin and riboflavin from the candy formulations was studied in a tablet dissolution apparatus (DS-8000, Lab India Analytical Instruments Pvt. Ltd., Navi Mumbai, India). In this study, the dissolution apparatus type-I (basket) was employed. The dissolution vessels were filled with 400 mL distilled water containing 0.25% w/v sodium lauryl sulfate. Candy (~2 g) was placed in the sample holder basket. The dissolution study was performed at 37 ± 0.2 °C for 3 h (Basket rotation speed: 100 RPM). The dissolution study was performed at three different pHs, i.e., simulated gastric (pH 1.2), duodenal (pH 5.8), and intestinal (pH 7.2) conditions. After a specific time (5, 15, 30, 45, 60, 90, 120, 150, and 180 min), 5 mL of the dissolution medium was withdrawn from the dissolution vessel, and the same volume was replaced with the fresh medium. The withdrawn samples were analyzed for curcumin and riboflavin content using a UV-visible spectrophotometer (UV-1900i, Shimadzu, Kyoto, Japan) at 430 nm and 445 nm, respectively [70,71].




4.3.6. Mechanical Analysis


The viscoelastic properties of the candy formulations were investigated by stress relaxation studies using a texture analyzer (Stable Microsystems, TA-HD plus; Godalming, Surrey, UK) [72]. Before starting the analysis, the formulations were cut into 15 cubes and placed on a flat platform. A flat probe having a diameter of 20 mm compressed the formulation to a distance of 2 mm at a test speed of 1 mm s−1 and initial triggered force of 5 g. Then the probe was held constant for 60 s, and changes in the force values were recorded. The percentage of the stress relaxation (SR) of the formulation was calculated using Equation (4).


  % S R =       F   0   −   F   60       F   0       × 100  



(4)




where F0 and F60 are the maximum force achieved during compression and the residual force at the end of the relaxation process, respectively.




4.3.7. DSC Analysis


A differential scanning calorimeter (DSC 200F3 Maia, Netzsch, Selb, Germany) was used to analyze the thermal behavior of the candy formulations. The sample was accurately weighed (~5 mg) and sealed in an aluminum pan with pierced lid. An empty aluminum pan with a pierced lid was taken as a reference. The formulations were analyzed in a temperature range between 0 °C and 300 °C at a scanning rate of 10 °C/min [64].




4.3.8. Statistical Analysis


The findings of each experiment were carried out in triplicate, and they are presented as mean ± standard deviation (SD). Utilizing IBM SPSS Statistics 20 software (Inc., Chicago, IL, USA), statistical analysis was carried out. With a significance threshold of p < 0.05, a one-way analysis of variance (ANOVA) and Tukey post hoc test were used to identify statistically significant values.










Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/gels9060466/s1, Figure S1: pH of emulsion-filled candy formulations. Columns having the same alphabet suggests that they are statistically similar by Tukey HSD test with p > 0.05.; Table S1: Absorption signal at different wavenumbers.





Author Contributions


Conceptualization: K.P.; Methodology: K.P. and B.M.; Data curation: A.P. and S.D.; Formal analysis: A.P., S.D. and B.M.; Investigation: A.P.; Project administration: K.P. and B.M.; Resources: K.P. and B.M.; Supervision: K.P. and B.M.; Visualization: A.P. and S.D.; Writing—original draft; A.P., B.M. and S.D.; Writing—review and editing: S.D., B.M., A.G.-M. and S.S.S.; Validation: A.G.-M., S.S.S., D.K. and K.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Guo, Y.-G.; Singh, A.P. Emerging strategies for enhancing buccal and sublingual administration of nutraceuticals and pharamaceuticals. J. Drug Deliv. Sci. Technol. 2019, 52, 440–451. [Google Scholar] [CrossRef]

	



Shen, T.; Fan, S.; Li, Y.; Xu, G.; Fan, W. Preparation of Edible Non-wettable Coating with Soybean Wax for Repelling Liquid Foods with Little Residue. Materials 2020, 13, 3308. [Google Scholar] [CrossRef] [PubMed]

	



Cappa, C.; Lavelli, V.; Mariotti, M. Fruit candies enriched with grape skin powders: Physicochemical properties. LWT-Food Sci. Technol. 2015, 62, 569–575. [Google Scholar] [CrossRef]

	



Delgado, P.; Bañón, S. Effects of replacing starch by inulin on the physicochemical, texture and sensory characteristics of gummy jellies. CyTA-J. Food 2018, 16, 1–10. [Google Scholar] [CrossRef]

	



Morris, E.R.; Nishinari, K.; Rinaudo, M. Gelation of gellan—A review. Food Hydrocoll. 2012, 28, 373–411. [Google Scholar] [CrossRef]

	



Su, Y.; Wang, Z.; Legrand, A.; Aoyama, T.; Ma, N.; Wang, W.; Otake, K.-I.; Urayama, K.; Horike, S.; Kitagawa, S. Hypercrosslinked Polymer Gels as a Synthetic Hybridization Platform for Designing Versatile Molecular Separators. J. Am. Chem. Soc. 2022, 144, 6861–6870. [Google Scholar] [CrossRef]

	



Zeng, L.; Lin, X.; Li, P.; Liu, F.-Q.; Guo, H.; Li, W.-H. Recent advances of organogels: From fabrications and functions to applications. POrCo 2021, 159, 106417. [Google Scholar] [CrossRef]

	



Lin, D.; Kelly, A.L.; Miao, S. Preparation, structure-property relationships and applications of different emulsion gels: Bulk emulsion gels, emulsion gel particles, and fluid emulsion gels. Trends Food Sci. Technol. 2020, 102, 123–137. [Google Scholar] [CrossRef]

	



Xu, W.; Huang, L.; Jin, W.; Ge, P.; Shah, B.R.; Zhu, D.; Jing, J. Encapsulation and release behavior of curcumin based on nanoemulsions-filled alginate hydrogel beads. Int. J. Biol. Macromol. 2019, 134, 210–215. [Google Scholar] [CrossRef]

	



de Souza Paglarini, C.; de Figueiredo Furtado, G.; Honório, A.R.; Mokarzel, L.; da Silva Vidal, V.A.; Ribeiro, A.P.B.; Cunha, R.L.; Pollonio, M.A.R. Functional emulsion gels as pork back fat replacers in Bologna sausage. Food Struct. 2019, 20, 100105. [Google Scholar] [CrossRef]

	



Lu, Y.; Mao, L.; Cui, M.; Yuan, F.; Gao, Y. Effect of the solid fat content on properties of emulsion gels and stability of β-carotene. J. Agric. Food Chem. 2019, 67, 6466–6475. [Google Scholar] [CrossRef] [PubMed]

	



Falsafi, S.R.; Karaca, A.C.; Deng, L.; Wang, Y.; Li, H.; Askari, G.; Rostamabadi, H. Insights into whey protein-based carriers for targeted delivery and controlled release of bioactive components. Food Hydrocoll. 2022, 133, 108002. [Google Scholar] [CrossRef]

	



Light, K.; Karboune, S. Emulsion, hydrogel and emulgel systems and novel applications in cannabinoid delivery: A review. Crit. Rev. Food Sci. Nutr. 2022, 62, 8199–8229. [Google Scholar] [CrossRef] [PubMed]

	



Ellinfeb, A. Vitamins Gone Gummy. N. Y. Times Feb. 2017, 28, 2017. [Google Scholar]

	



Nowicka, A.; Kucharska, A.Z.; Sokół-Łętowska, A.; Fecka, I. Comparison of polyphenol content and antioxidant capacity of strawberry fruit from 90 cultivars of Fragaria × ananassa Duch. Food Chem. 2019, 270, 32–46. [Google Scholar] [CrossRef]

	



Einhorn-Stoll, U. Pectin-water interactions in foods–From powder to gel. Food Hydrocoll. 2018, 78, 109–119. [Google Scholar] [CrossRef]

	



Moslemi, M. Reviewing the recent advances in application of pectin for technical and health promotion purposes: From laboratory to market. Carbohydr. Polym. 2021, 254, 117324. [Google Scholar] [CrossRef]

	



Wan, L.; Wang, H.; Zhu, Y.; Pan, S.; Cai, R.; Liu, F.; Pan, S. Comparative study on gelling properties of low methoxyl pectin prepared by high hydrostatic pressure-assisted enzymatic, atmospheric enzymatic, and alkaline de-esterification. Carbohydr. Polym. 2019, 226, 115285. [Google Scholar] [CrossRef]

	



Cai, R.; Pan, S.; Li, R.; Xu, X.; Pan, S.; Liu, F. Curcumin loading and colon release of pectin gel beads: Effect of different de-esterification method. Food Chem. 2022, 389, 133130. [Google Scholar] [CrossRef]

	



Geremias-Andrade, I.M.; Souki, N.P.; Moraes, I.C.; Pinho, S.C. Rheology of emulsion-filled gels applied to the development of food materials. Gels 2016, 2, 22. [Google Scholar] [CrossRef]

	



Amjadi, S.; Ghorbani, M.; Hamishehkar, H.; Roufegarinejad, L. Improvement in the stability of betanin by liposomal nanocarriers: Its application in gummy candy as a food model. Food Chem. 2018, 256, 156–162. [Google Scholar] [CrossRef] [PubMed]

	



Polavarapu, S.; Oliver, C.M.; Ajlouni, S.; Augustin, M.A. Physicochemical characterisation and oxidative stability of fish oil and fish oil–extra virgin olive oil microencapsulated by sugar beet pectin. Food Chem. 2011, 127, 1694–1705. [Google Scholar] [CrossRef]

	



Stanos, S. Topical analgesics. Phys. Med. Rehabil. Clin. 2020, 31, 233–244. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Lopez, C.; Carpena, M.; Lourenço-Lopes, C.; Gallardo-Gomez, M.; Lorenzo, J.M.; Barba, F.J.; Prieto, M.A.; Simal-Gandara, J. Bioactive compounds and quality of extra virgin olive oil. Foods 2020, 9, 1014. [Google Scholar] [CrossRef]

	



Badola, A.; Goyal, M.; Baluni, S. Gels and Jellies a Recent Technology in Semisolids: A Review. World J. Pharm. Res. 2021, 10, 461–475. [Google Scholar]

	



Gad, H.A.; Roberts, A.; Hamzi, S.H.; Gad, H.A.; Touiss, I.; Altyar, A.E.; Kensara, O.A.; Ashour, M.L. Jojoba Oil: An updated comprehensive review on chemistry, pharmaceutical uses, and toxicity. Polymers 2021, 13, 1711. [Google Scholar] [CrossRef]

	



Mwangi, W.W.; Lim, H.P.; Low, L.E.; Tey, B.T.; Chan, E.S. Food-grade Pickering emulsions for encapsulation and delivery of bioactives. Trends Food Sci. Technol. 2020, 100, 320–332. [Google Scholar] [CrossRef]

	



Yang, X.; Yuan, K.; Descallar, F.B.A.; Li, A.; Yang, X.; Yang, H. Gelation behaviors of some special plant-sourced pectins: A review inspired by examples from traditional gel foods in China. Trends Food Sci. Technol. 2022, 126, 26–40. [Google Scholar] [CrossRef]

	



Wang, H.; Wan, L.; Chen, D.; Guo, X.; Liu, F.; Pan, S. Unexpected gelation behavior of citrus pectin induced by monovalent cations under alkaline conditions. Carbohydr. Polym. 2019, 212, 51–58. [Google Scholar] [CrossRef]

	



Alba, K.; Kontogiorgos, V. Emulsification properties of pectin. Pectin Technol. Physiol. Prop. 2020, 83–97. [Google Scholar]

	



Pan, L.-H.; Wu, C.-L.; Luo, S.-Z.; Luo, J.-P.; Zheng, Z.; Jiang, S.-T.; Zhao, Y.-Y.; Zhong, X.-Y. Preparation and characteristics of sucrose-resistant emulsions and their application in soft candies with low sugar and high lutein contents and strong antioxidant activity. Food Hydrocoll. 2022, 129, 107619. [Google Scholar] [CrossRef]

	



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]

	



Pușcaș, A.; Mureșan, V.; Muste, S. Application of analytical methods for the comprehensive analysis of oleogels—A review. Polymers 2021, 13, 1934. [Google Scholar] [CrossRef]

	



Becerra-Herrera, M.; Vélez-Martín, A.; Ramos-Merchante, A.; Richter, P.; Beltrán, R.; Sayago, A. Characterization and evaluation of phenolic profiles and color as potential discriminating features among Spanish extra virgin olive oils with protected designation of origin. Food Chem. 2018, 241, 328–337. [Google Scholar] [CrossRef]

	



De Lima, A.C.V.; Dionisio, A.P.; de Abreu, F.A.P.; da Silva, G.S.; Junior, R.D.L.; Magalhães, H.C.R.; dos Santos Garruti, D.; da Silva Araújo, I.M.; Artur, A.G.; Taniguchi, C.A.K. Microfiltered red–purple pitaya colorant: UPLC-ESI-QTOF-MSE-based metabolic profile and its potential application as a natural food ingredient. Food Chem. 2020, 330, 127222. [Google Scholar] [CrossRef]

	



Evageliou, V.; Richardson, R.; Morris, E. Effect of pH, sugar type and thermal annealing on high-methoxy pectin gels. Carbohydr. Polym. 2000, 42, 245–259. [Google Scholar] [CrossRef]

	



Patil, N.V.; Netravali, A.N. Enhancing strength of wool fiber using a soy flour sugar-based “green” cross-linker. ACS Omega 2019, 4, 5392–5401. [Google Scholar] [CrossRef] [PubMed]

	



Tohamy, H.-A.S.; El-Sakhawy, M.; Kamel, S. Development of graphene oxide-based styrene/acrylic elastomeric disks from sugarcane bagasse as adsorbents of Nickel (II) ions. J. Polym. Res. 2022, 29, 75. [Google Scholar] [CrossRef]

	



Romano, N.; Santos, M.; Mobili, P.; Vega, R.; Gómez-Zavaglia, A. Effect of sucrose concentration on the composition of enzymatically synthesized short-chain fructo-oligosaccharides as determined by FTIR and multivariate analysis. Food Chem. 2016, 202, 467–475. [Google Scholar] [CrossRef]

	



Brizuela, A.B.; Castillo, M.V.; Raschi, A.B.; Davies, L.; Romano, E.; Brandán, S.A. A complete assignment of the vibrational spectra of sucrose in aqueous medium based on the SQM methodology and SCRF calculations. Carbohydr. Res. 2014, 388, 112–124. [Google Scholar] [CrossRef]

	



Bichara, L.C.; Lanús, H.E.; Brandán, S.A. Stabilities of aqueous solutions of sucrose containing ascorbic and citric acids by using FTIR spectroscopy and physicochemical studies. J. Mol. Liq. 2014, 200, 448–459. [Google Scholar] [CrossRef]

	



Santos, E.E.; Amaro, R.C.; Bustamante, C.C.C.; Guerra, M.H.A.; Soares, L.C.; Froes, R.E.S. Extraction of pectin from agroindustrial residue with an ecofriendly solvent: Use of FTIR and chemometrics to differentiate pectins according to degree of methyl esterification. Food Hydrocoll. 2020, 107, 105921. [Google Scholar] [CrossRef]

	



Gnanasambandam, R.; Proctor, A. Determination of pectin degree of esterification by diffuse reflectance Fourier transform infrared spectroscopy. Food Chem. 2000, 68, 327–332. [Google Scholar] [CrossRef]

	



Baum, A.; Dominiak, M.; Vidal-Melgosa, S.; Willats, W.G.; Søndergaard, K.M.; Hansen, P.W.; Meyer, A.S.; Mikkelsen, J.D. Prediction of pectin yield and quality by FTIR and carbohydrate microarray analysis. Food Bioproc. Technol. 2017, 10, 143–154. [Google Scholar] [CrossRef]

	



Prezotti, F.G.; Siedle, I.; Boni, F.I.; Chorilli, M.; Müller, I.; Cury, B.S.F. Mucoadhesive films based on gellan gum/pectin blends as potential platform for buccal drug delivery. Pharm. Dev. Technol. 2020, 25, 159–167. [Google Scholar] [CrossRef] [PubMed]

	



Niu, S.; Zhou, Y.; Yu, H.; Lu, C.; Han, K. Investigation on thermal degradation properties of oleic acid and its methyl and ethyl esters through TG-FTIR. Energy Convers. Manag. 2017, 149, 495–504. [Google Scholar] [CrossRef]

	



Uncu, O.; Ozen, B.; Tokatli, F. Use of FTIR and UV–visible spectroscopy in determination of chemical characteristics of olive oils. Talanta 2019, 201, 65–73. [Google Scholar] [CrossRef]

	



De la Mata, P.; Dominguez-Vidal, A.; Bosque-Sendra, J.M.; Ruiz-Medina, A.; Cuadros-Rodríguez, L.; Ayora-Cañada, M.J. Olive oil assessment in edible oil blends by means of ATR-FTIR and chemometrics. Food Control 2012, 23, 449–455. [Google Scholar] [CrossRef]

	



Rabelo, S.N.; Ferraz, V.P.; Oliveira, L.S.; Franca, A.S. FTIR analysis for quantification of fatty acid methyl esters in biodiesel produced by microwave-assisted transesterification. Int. J. Environ. Sci. Dev. 2015, 6, 964. [Google Scholar] [CrossRef]

	



Tena Pajuelo, N.; Aparicio Ruiz, R.; García-González, D.L. Use of polar and nonpolar fractions as additional information sources for studying thermoxidized virgin olive oils by FTIR. Grasa Y Aceites 2014, 65. [Google Scholar]

	



Singh, V.K.; Ramesh, S.; Pal, K.; Anis, A.; Pradhan, D.K.; Pramanik, K. Olive oil based novel thermo-reversible emulsion hydrogels for controlled delivery applications. J. Mater. Sci. Mater. Med. 2014, 25, 703–721. [Google Scholar] [CrossRef] [PubMed]

	



Masmoudi, H.; Le Dréau, Y.; Piccerelle, P.; Kister, J. The evaluation of cosmetic and pharmaceutical emulsions aging process using classical techniques and a new method: FTIR. Int. J. Pharm. 2005, 289, 117–131. [Google Scholar] [CrossRef] [PubMed]

	



Salehi, N.; Dehaghani, A.S.; Haghighi, M. Investigation of fluid-fluid interaction between surfactant-ion-tuned water and crude oil: A new insight into asphaltene behavior in the emulsion interface. J. Mol. Liq. 2023, 376, 121311. [Google Scholar] [CrossRef]

	



Kubbutat, P.; Kulozik, U. Interactions of sugar alcohol, di-saccharides and polysaccharides with polysorbate 80 as surfactant in the stabilization of foams. Colloids Surf. Physicochem. Eng. Asp. 2021, 616, 126349. [Google Scholar] [CrossRef]

	



Minhas, M.U.; Ahmad, M.; Anwar, J.; Khan, S. Synthesis and characterization of biodegradable hydrogels for oral delivery of 5-fluorouracil targeted to colon: Screening with preliminary in vivo studies. Adv. Polym. Technol. 2018, 37, 221–229. [Google Scholar] [CrossRef]

	



Hyang Aee, L.; Nam Hie, K.; Nishinari, K. DSC and rheological studies of the effects of sucrose on the gelatinization and retrogradation of acorn starch. Thermochim. Acta 1998, 322, 39–46. [Google Scholar] [CrossRef]

	



Lee, J.W.; Thomas, L.C.; Schmidt, S.J. Can the thermodynamic melting temperature of sucrose, glucose, and fructose be measured using rapid-scanning differential scanning calorimetry (DSC)? J. Agric. Food Chem. 2011, 59, 3306–3310. [Google Scholar] [CrossRef]

	



Minhas, M.U.; Ahmad, M.; Khan, K.U.; Sohail, M.; Khalid, I. Functionalized pectin hydrogels by cross-linking with monomer: Synthesis, characterization, drug release and pectinase degradation studies. Polym. Bull. 2020, 77, 339–356. [Google Scholar]

	



Queiroz, M.B.; Sousa, F.R.; da Silva, L.B.; Alves, R.M.V.; Alvim, I.D. Co-crystallized sucrose-soluble fiber matrix: Physicochemical and structural characterization. LWT 2022, 154, 112685. [Google Scholar] [CrossRef]

	



Yadav, I.; Nayak, S.K.; Rathnam, V.S.; Banerjee, I.; Ray, S.S.; Anis, A.; Pal, K. Reinforcing effect of graphene oxide reinforcement on the properties of poly (vinyl alcohol) and carboxymethyl tamarind gum based phase-separated film. J. Mech. Behav. Biomed. Mater. 2018, 81, 61–71. [Google Scholar] [CrossRef]

	



Satapathy, M.; Quereshi, D.; Nguyen, T.T.H.; Pani, D.; Mohanty, B.; Anis, A.; Maji, S.; Kim, D.; Sarkar, P.; Pal, K. Preparation and characterization of cocoa butter and whey protein isolate based emulgels for pharmaceutical and probiotics delivery applications. J. Dispers. Sci. Technol. 2019, 41, 426–440. [Google Scholar] [CrossRef]

	



Raphael, A.P.; Crichton, M.L.; Falconer, R.J.; Meliga, S.; Chen, X.; Fernando, G.J.; Huang, H.; Kendall, M.A. Formulations for microprojection/microneedle vaccine delivery: Structure, strength and release profiles. J. Control. Release 2016, 225, 40–52. [Google Scholar] [CrossRef] [PubMed]

	



Filippo, E.; Serra, A.; Buccolieri, A.; Manno, D. Green synthesis of silver nanoparticles with sucrose and maltose: Morphological and structural characterization. J. Non-Cryst. Solids 2010, 356, 344–350. [Google Scholar] [CrossRef]

	



Hosseini, A.; Bagheri, F.; Mohammadi, G.; Azami, M.; Tahvilian, R. Design and preparation of oral jelly candies of acetaminophen and its nanoparticles. Appl. Nanosci. 2022, 12, 101–107. [Google Scholar] [CrossRef]

	



de Moura, S.C.; Berling, C.L.; Garcia, A.O.; Queiroz, M.B.; Alvim, I.D.; Hubinger, M.D. Release of anthocyanins from the hibiscus extract encapsulated by ionic gelation and application of microparticles in jelly candy. Food Res. Int. 2019, 121, 542–552. [Google Scholar] [CrossRef]

	



Dewi, E.; Kurniasih, R.; Purnamayati, L. The application of microencapsulated phycocyanin as a blue natural colorant to the quality of jelly candy. In Proceedings of the IOP Conference Series: Earth and Environmental Science, Yogyakarta, Indonesia, 2–4 October 2018; p. 012047. [Google Scholar]

	



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]

	



Cano-Lamadrid, M.; Calín-Sánchez, Á.; Clemente-Villalba, J.; Hernández, F.; Carbonell-Barrachina, Á.A.; Sendra, E.; Wojdyło, A. Quality parameters and consumer acceptance of jelly candies based on pomegranate juice “Mollar de Elche”. Foods 2020, 9, 516. [Google Scholar] [CrossRef]

	



Thapliyal, S.; Bhatt, G.; Kandpal, G. Orodispersible Tablets: A Review. World J. Pharm. Res 2018, 7, 146–162. [Google Scholar]

	



Qureshi, D.; Behera, K.P.; Mohanty, D.; Mahapatra, S.K.; Verma, S.; Sukyai, P.; Banerjee, I.; Pal, S.K.; Mohanty, B.; Kim, D. Synthesis of novel poly (vinyl alcohol)/tamarind gum/bentonite-based composite films for drug delivery applications. Colloids Surf. Physicochem. Eng. Asp. 2021, 613, 126043. [Google Scholar] [CrossRef]

	



Qureshi, D.; Nadikoppula, A.; Mohanty, B.; Anis, A.; Cerqueira, M.; Varshney, M.; Pal, K. Effect of carboxylated carbon nanotubes on physicochemical and drug release properties of oleogels. Colloids Surf. Physicochem. Eng. Asp. 2021, 610, 125695. [Google Scholar] [CrossRef]

	



Yu, H.; Yu, J.; Zhan, M. Study on mechanical behaviour of agar gel in compression mode. Bulg. Chem. Commun. 2018, 1, 225. [Google Scholar]








[image: Gels 09 00466 sch001 550] 





Scheme 1. Emulsification of gels and their application in various industries. 
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Figure 1. Micrographs of emulsions of varying olive oil concentration (a) 10%, (b) 15%, (c) 20%, (d) 25%, and (e) 30% w/w. 
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Figure 2. Emulgel-based candy formulations. (a) AP00, (b) AP10, (c) AP15, (d) AP20, (e) AP25, and (f) AP30. 
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Figure 3. Transparency study of emulgel-based candy formulations. (a) AP00, (b) AP10, (c) AP15, (d) AP20, (e) AP25, and (f) AP30. 
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Figure 4. Colorimetry analysis of emulgel-based candy formulations. (a) L*, (b) a*, (c) b*, (d) WI, (e) YI, and (f) ΔE. Those not sharing the same letter(s) in each chart significantly differ, as per the Tukey HSD test with p < 0.05. 
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Figure 5. FTIR spectra of (a) raw materials and (b) candy formulations. OO—Olive oil, PS—Pectin Solution, SCS—Sucrose Citric Acid Solution. 
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Figure 6. DSC thermograms of emulgel-based candy formulations. (a) AP00, (b) AP10, (c) AP15, (d) AP20, (e) AP25, and (f) AP30. 
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Figure 7. Stress relaxation profiles of the emulgel-based candy formulations: (a) stress relaxation profile, (b) F0 profile, (c) F60 profile, (d) %SR profile. Those not sharing the same letter(s) for each chart significantly differ by Tukey HSD test with p < 0.05. 
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Figure 8. Disintegration times of the candy formulations at (a) pH 1.2, (b) pH 5.8, and (c) pH 7.2. Columns not sharing the same alphabet means they are statistically different values by Tukey HSD test with p < 0.05. 
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Figure 9. Dissolution profile of the candy formulations containing curcumin (a) CPDR (pH 1.2), (b) CPDR (pH 5.8), and (c) CPDR (pH 7.2). 
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Figure 10. Dissolution profile of the candy formulations containing riboflavin (a) CPDR (pH 1.2), (b) CPDR (pH 5.8), and (c) CPDR (pH 7.2). 
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Table 1. Composition of the emulgel candies.
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S. No.

	
Sample Name

	
SCS

(g)

	
Emulsion

	
Nutraceutical Agents




	
PS

(g)

	
Olive Oil

(g)

	
Curcumin

(mg)

	
Riboflavin

(mg)






	
1

	
AP00

	
35

	
15

	
--

	
--

	
--




	
2

	
AP10

	
35

	
13.5

	
1.5

	
--

	
--




	
3

	
AP15

	
35

	
12.75

	
2.25

	
--

	
--




	
4

	
AP20

	
35

	
12

	
3

	
--

	
--




	
5

	
AP25

	
35

	
11.25

	
3.75

	
--

	
--




	
6

	
AP30

	
35

	
10.5

	
4.5

	
--

	
--




	
7

	
AP00-C

	
35

	
15

	
--

	
150

	
--




	
8

	
AP10-C

	
35

	
13.5

	
1.5

	
150

	
--




	
9

	
AP15-C

	
35

	
12.75

	
2.25

	
150

	
--




	
10

	
AP20-C

	
35

	
12

	
3

	
150

	
--




	
11

	
AP25-C

	
35

	
11.25

	
3.75

	
150

	
--




	
12

	
AP30-C

	
35

	
10.5

	
4.5

	
150

	
--




	
13

	
AP00-R

	
35

	
15

	
--

	
--

	
250




	
14

	
AP10-R

	
35

	
13.5

	
1.5

	
--

	
250




	
15

	
AP15-R

	
35

	
12.75

	
2.25

	
--

	
250




	
16

	
AP20-R

	
35

	
12

	
3

	
--

	
250




	
17

	
AP25-R

	
35

	
11.25

	
3.75

	
--

	
250




	
18

	
AP30-R

	
35

	
10.5

	
4.5

	
--

	
250
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