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Abstract

:

This study presents the impact of an ultrasonic treatment (UT) as an alternative to traditional, standard pasteurization (PT) on selected properties of ice cream. Additionally, an oleogel from strawberry seed oil was included in the ice cream recipe as a fat component in the shares of 5%, 6%, and 7%. To evaluate the ultrasound’s effect on the ice cream’s properties, an analysis of the ice cream’s chemical composition was conducted, including the total content of polyphenols and macro- and microelements, as well as of its physical properties. Fourier transform infrared (FTIR) spectroscopy was used for a more precise molecular-level analysis of the changes. The ice cream containing the oleogel from strawberry seed oil and subjected to ultrasonic treatment was characterized by a significantly higher dry matter (37.43%) and carbohydrate (56.82 g·(100 g)−1) contents and a significantly lower fat content (9.93 g·(100 g)−1) compared to the ice cream subjected to traditional pasteurization. In addition, the values of freezing point temperature and the amount of frozen water for these ice cream samples were significantly higher. Therefore, this study shows that ultrasonic treatment can be a beneficial alternative to traditional pasteurization in ice cream production.
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1. Introduction


The use of alternative technologies for sustainable production has recently gained significant importance in the food industry due to new consumer trends regarding innovative food processing methods that minimize processing, increase quality, improve efficiency and process performance, as well as ensure food safety while extending its shelf life [1].



Ultrasound has emerged as an innovative technology in the food industry because it is relatively cheap, simple, fast, non-toxic, environmentally friendly, and energy-efficient. Ultrasound waves are sound waves with frequencies ranging from 20 kHz to 1 GHz and can be generated by mechanical, thermal, optical, and electromagnetic methods. In the food industry, the application of ultrasound is divided into two categories according to the chosen frequency and amount of energy or sound intensity: high-intensity and low-intensity ultrasound [2,3,4,5]. Low-intensity ultrasound (LIU) has frequencies higher than 100 kHz at intensities below 1 W·cm−2 and delivers a very low power, which is insufficient to induce acoustic cavitation. Therefore, it is used for monitoring, analysis, and quality control of food during processing and storage [6,7,8]. High-intensity ultrasound (HIU) has a frequency ranging from 20 to 100 kHz and an intensity ranging from 10 to 1000 W·cm−2 and causes physical, mechanical, and chemical changes in the structure of food due to acoustic cavitation, which provides high temperature and pressure through the collapsing of microbubbles [1,2,9]. Therefore, HIU affects homogenization, mixing, extraction and recovery of polyphenolic compounds [10], filtration, crystallization [11], dehydration, fermentation, foaming, particle size reduction, viscosity, inactivation of microorganisms and enzymes, pasteurization [12], as well as thawing and freezing processes in the food industry [13,14].



Sustainable development requires the protection of the natural environment and a well-balanced management of the natural resources. The use of ultrasound in food production can contribute to shortening the food processing time, lowering the production costs, as well as to the production of better-quality products. Ultrasound can be used to homogenize ice cream mixes. Ultrasonic homogenization produces a uniform ice cream with few ingredients. Sonication can also improve fat and water emulation, leading to the formation of a stable emulsion, which in turn contributes to reducing the amount of fat used and improving the product quality.



There is a number of diverse studies on the use of ultrasonic treatment in dairy products, particularly involving yoghurt and ice cream. For example, in the study by Nguyen and Anema [15], an ultrasonication treatment of whole milk was found to produce highly functional fat globule/milk protein complexes (acid gels) that differed from those produced by conventional homogenization. It was found that sonication (temperature: 25, 30, 35, 40 °C; time: 2, 4, 6 and 8 min) had positive effects on the properties of milk–soymilk yoghurt such as viscosity, firmness, cohesiveness, and consistency. Ultrasonication has been shown to reduce the viscosity of skim milk concentrates [16]. Erfanian and Rasti [17] discovered that sonication (at the temperatures of 25, 30, 35, and 40 °C for durations of 2, 4, 6, and 8 min) had a positive impact on the properties of milk-soy yoghurts, such as viscosity, firmness, cohesiveness, and consistency. By utilizing high-intensity ultrasound at a lower temperature than that of the conventional treatment, greater homogenization, emulsification, and microorganism inactivation were achieved, leading to a higher-quality yoghurt. Yoghurt made from HIU-treated milk exhibited significantly improved firmness, water-holding capacity, viscosity, and gel strength compared to yoghurt made from conventionally heated and/or homogenized milk [1]. Thermosonication (at 45 °C for 10 min at 24 kHz) of preheated milk with various fat concentrations reduced syneresis in yoghurt. The syneresis rate was between 62% and 40% and between 51% and 38% in yoghurt made from conventionally heated and thermosonicated milk, respectively [18]. In the case of ice cream, ultrasound could be used to reduce the freezing time and ice crystal size by preventing crystallization and ensuring a well-dispersed emulsion [1,19] and to reduce the particle size in vegan ice cream mixes with stabilizers [20]. Thus, it can be concluded that ultrasound, in combination with heating, provides visible benefits over traditional methods, such as obtaining submicron-sized particles or more stable emulsions.



Strawberry seed oil is used in the food industry primarily due to its health and nutritional properties. It is rich in essential unsaturated fatty acids, such as linoleic acid and linolenic acid. It contains vitamin E, which is a powerful antioxidant that helps protect the body against the harmful effects of free radicals and also contains small amounts of vitamin C, which is important for the immune system and collagen production. Strawberry seed oil also contains trace amounts of B vitamins, such as thiamine (B1), riboflavin (B2), and niacin (B3), which are important for the metabolism and energy production. This oil contains various minerals, including magnesium, potassium, iron, and manganese. These minerals are essential for maintaining the electrolyte balance, nerve function, and proper metabolism. In the production of strawberry seed oil, there is potential for waste minimization by utilizing seeds that are usually discarded or overlooked. Using these byproducts as raw materials is a sustainable approach to food production.



The pursuit of different methods to transform liquid oils into solid fats has emerged as a result of the new approach aiming to reduce the intake of saturated fatty acids and trans isomers and improve food nutritional quality. Among these methods is oleogelation, which consists in immobilizing vegetable oils within a three-dimensional network by structuring agents, creating a sticky and elastic consistency that maintains the oils’ chemical composition while producing a solid-like structure. Oleogels can be used in various food products to replace solid fats or reduce saturated fats, for example, in ice cream, meat products, confectionery, chocolate products or in the production of commercial fats. Besides the basic benefits resulting from replacing fats, oleogels can increase the availability of bioactive compounds present in plant oils (essential unsaturated fatty acids, flavonoids, polyphenols, antioxidants, vitamins, and natural pigments). The structure of the obtained oleogel is influenced not only by the type of oil and its physical and chemical properties, but also by the composition, type of structuring substance, and preparation parameters (homogenization, temperature, ultrasonic treatment). The structuring substances are divided into two groups, one including compounds with low molecular weight (LMOGs—having properties promoting an independent crystalline network formation in the resulting oleogel, e.g., fatty acids, wax esters, phytosterols, mono- and diglycerides), and the other comprising compounds with high molecular weight (HMOGs—structural substances such as proteins, polymers, and polysaccharides) [21,22,23,24,25]. Despite the great interest in oleogels, which is shown by the rich literature in this field [24,25,26,27,28,29,30], few studies have focused on the application of oleogels in ice cream. Low-fat ice cream has been developed [31] using an oleogel from tomato seed oil [32]; in addition, the efficiency of oleogels from rice bran wax, candelilla wax, camellia or carnauba wax in ice cream with a fat content has been evaluated [33,34,35], ethyl cellulose has been used for structuring an oil in ice cream made from high-oleic sunflower oil [36], and the composition and parameters of the microfluidization process for creating oleogels for ice cream applications have been analyzed [37].



Therefore, the aim of this study was to analyze the influence of ultrasound applied to ice cream mixes as an alternative to traditional pasteurization on the physicochemical properties of the obtained ice creams. Additionally, strawberry seed oil oleogels were included in the ice cream recipe as a fat component. To evaluate the impact of ultrasound on the properties of ice cream in the presence of oleogels, a chemical composition analysis was conducted, taking into account the total content of polyphenols and macro- and microelements, as well as the physical properties. For a more detailed analysis, particularly in terms of monitoring changes in ice cream at the molecular level, Fourier transform infrared (FTIR) spectroscopy was used. The method used is characterized by non-invasiveness, rapidity of results, effectiveness, and, above all, low cost, which makes it suitable for both evaluating the quality of food materials and studying molecular changes occurring in samples under the influence of processing factors.




2. Materials and Methods


2.1. Analysis of the Oil


The method for quality testing of strawberry oil was based on determining the fatty acids content according to ISO Standard 12966-2:2017 [38]. We determined the composition of fatty acids using a Bruker 436GC chromatograph with an FID detector (BPX 70 capillary column (60 m, 0.25 mm, 25 m) using nitrogen as the carrier gas).




2.2. Obtaining and Analyzing the Oleogel


An oleogel containing 60% of the fat phase and 40% of the water phase (2% HPMC solution—hydroxypropyl methylcellulose) was obtained from cold-pressed strawberry seed oil. A Unidrive X1000D rotary homogenizer (CAT, Zülpich, Germany) operating at a speed of 11,000 rpm was used to achieve an oil-in-water emulsion. The emulsion was then dried for 4 h at 80 °C using a laboratory dryer (Figure 1a). After 4 h, a new rigid structure was obtained (Figure 1b), which was then homogenized (11,000 rpm) to achieve a semi-solid mousse consistency (Figure 1c).



The obtained oleogel was subjected to a stability analysis (SOMW) using a Mikro 220 Classic centrifuge (Hettich, Germany) at 21 °C, at 3000 rpm for 20 min. After removing the liquid phase, the residue (a test tube with the gel) was weighed three times [39,40,41]. The SOMW was calculated according to the modified formula of Żbikowska et al. [39].




2.3. Recipe and Preparation of the Ice Cream


Figure 2 depicts the recipe and stages of creating an ice cream based on the strawberry seed oleogel.



The prepared ice cream mixes were subjected to two types of treatment: (1) pasteurization and (2) ultrasonic treatment. To conduct physicochemical analyses, the ice cream was freeze-dried.




2.4. Ice Cream Charactrerization


2.4.1. Analysis of the Chemical Composition


According to the AOAC standard [42], the content of dry matter, protein, fat, and ash was determined. The caloric value was calculated using Atwater equivalents [43]. The pH value was measured according to the methodology of Nazarewicz et al. [32].




2.4.2. Determination of the Content of Mineral Compounds


The analysis of mineral compounds was conducted using a Varian model AA 240 FS (Mulgrave, Australia) atomic absorption spectrophotometer equipped with a D2 lamp background correction system. The measured results were compared with a multielemental standard for GF AAS (CertiPUR®, Merck, Darmstadt, Germany). The samples were prepared according to the methodology of Kunová et al. [44]. The sample extracts were analyzed for K, Na, Ca, Mg, P, Fe, Mn, Zn, Cu, Co, and Cr using a fast sequential atomic absorption spectrophotometer (Varian model AA 240 FS) at specific wavelengths: K—766.5 nm, Na—589.6 nm, Ca—393.4 nm, Mg—279.6 nm, P—177.5 nm, Fe—241.8 nm, Mn—279.5 nm, Zn—213.9 nm, Cu—324.8 nm, Co—240.7 nm, Cr—357.9 nm [44].




2.4.3. Free-Radical Scavenging Activity


Each sample (0.2 g) was extracted with 20 mL of 80% ethanol for 2 h. After centrifugation at 3000× g (Himac CT 6E, Hitachi Ltd., Tokyo, Japan) for 20 min, the supernatant was analyzed. The free-radical scavenging activity of the samples was measured using the 2,2-difenyl-1-picrylhydrazyl (DPPH) assay according to the procedures described by Yen and Chen [45]. The extracts (0.1 mL) were reacted with 4 mL of DPPH solution (0.025 g DPPH in 100 mL ethanol). The absorbance of the samples was determined using the spectrophotometer Cary 60 UV–vis, Agilent Technologies, Santa Clara, CA, USA at 515 nm. The free-radical-scavenging activity of the samples was expressed as mg Trolox equivalent antioxidant capacity per g sample (mg TEAC·(100 g)−1).




2.4.4. Total Phenolic Content


The total phenolic content (TCP) of samples was measured spectrophotometrically, using the modified Folin–Ciocalteu method as described by Singleton and Rossi [46]. Each sample extract (0.8 mL) was mixed with 0.8 mL of the Folin–Ciocalteau reagent and 4 mL of 20% sodium carbonate and centrifuged at 11,000× g (Eppendorf MiniSpin, Nijmegen, The Netherlands) for 10 min. The absorbance at 700 nm using the spectrophotometer Cary 60 UV–vis, Agilent Technologies, USA was determined. The total phenolic content was expressed as mg gallic acid equivalent per g of sample (mg GAE·(100 g)−1).




2.4.5. Physical Properties of the Ice Cream


The thermal properties of the ice cream mixes (after the aging step) were measured by a differential scanning calorimeter (DSC) by Mettler Toledo (model DSC1). Approximately 10 mg of the ice cream mix sample was placed in a pre-weighed aluminum sample pan, which was then sealed with a pan crimper. Thermal data were recorded in a nitrogen atmosphere, ranging from −40 °C to +20 °C, with a heating rate of 2 °C per minute. An empty pan was used as the reference. The flow rates of the nitrogen gas for cooling and heating were set at 250 and 50 cm3·min−1, respectively [47,48]. The amount of frozen water was calculated according to the formula provided in the article by Nazarewicz et al. [32].



The overrun was determined based on the weight difference between the ice cream mixture and the ice cream itself in relation to the weight of the ice cream [49].



The determination of the ice cream melting resistance involved measuring the total time of melting for a sample (28 g) in the shape of a cylinder, which was left at room temperature (21 °C) until completely melted [50].



The hardness analysis was conducted according to the modification methodology by Nazarewicz et al. [32] using the LFRA texture analyzer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) [51].



The viscosity of the examined ice cream was determined using a viscometer from IKA (ROTAVISC lo-vi Complete) on melted samples. The viscosity measurement was performed using an SP-4 spindle, which was immersed into a pre-prepared sample at a temperature of 20 °C and a shear rate of 200 rpm. The viscosity value was read after 2 min.




2.4.6. Measurements Using Fourier Transform Infrared Spectroscopy (FTIR)


Measurements using Fourier transform infrared (FTIR) spectroscopy were selected for the analysis of the ice cream samples and were conducted using an IRSprit spectrometer produced by Shimatzu (Kyoto, Japan). Attenuated Total Reflection (ATR) was used as the ZnSe crystal attachment for the measurements, which has the appropriate geometry (45°) to enable the most optimal measurement conditions. Specifically, it ensures multiple internal reflections of the laser beam during the experiment. For all selected ice cream samples, 24 scans were performed. In the next stage, the program automatically averaged the obtained spectra. The attachment was thoroughly cleaned with ultrapure solvents purchased from Sigma-Aldrich after each experiment. The spectra were recorded in the spectral range of 450–3800 cm−1, and the instrument resolution was set to 2 cm−1. The final stage, which involved the analysis and preparation of the spectra for publication, was performed using Grams/AI 8.0 software by ThermoGalactic Industries (Waltham, MA, USA) and Origin Pro 2021 by OriginLab Corporation (Northampton, MA, USA).




2.4.7. Microstructure


The structural analysis was conducted using scanning electron microscopy (SEM) (Carl Zeiss Ultra Plus, Oberkochen, Germany). Prior to examination, the samples were coated with a 20 nm layer of gold using an Emitech SC7620 Sputter Coater. The surface of the samples was imaged at 3 kV using a secondary electron detector [52].





2.5. Statistical Analysis


The obtained results were statistically analyzed using StatSoft Polska STATISTICA 13.1 software. Tukey’s test was employed to assess the significance of the differences among the means of the measured parameters. The calculations were performed with a significance level set at a p-value < 0.05.





3. Results and Discussion


3.1. Properties of the Oleogels


The strawberry seed oil was characterized by a high content of unsaturated fatty acids (Table 1), with the main fatty acids being linoleic acid (n-6) C18:2—47.37%, oleic acid (n-9) C18:1—24.11%, and linolenic acid (n-3) C18:3—17.64%. The content of saturated fatty acids was determined at the level of 89.53%, with palmitic acid (C16:0) (4.88%) being the main saturated fatty acid. The obtained results confirmed previous studies, where the presence of palmitic acid (4.32–6.20%), oleic acid (15.51%, 15.58%, 16.3%), linoleic acid (42.54%, 45.45%, 44.8%), and linolenic acid (29.05%, 33.48%, 31.5%) was found in strawberry seed oil [53,54,55]. Usually, unsaturated fatty acids account for 60–80% of all fatty acids, and the ratio between them ranges from 1:1 to 2:1, indicating that the oil may be a dietary supplement to improve the consumption of n-3 fatty acids [56]. Strawberry seed oil also contains γ-tocopherol (71.77 mg·kg−1), δ-tocopherol (14.57 mg·kg−1), carotenoids (12.21 μg of β-carotene/g sample), β-sitosterol (2987.7 mg·kg−1), and phenolic compounds (salicylic acid—132.88 mg·kg−1, caffeic acid—111.67 mg·kg−1, p-coumaric acid—95.69 mg·kg−1) [54]. Strawberry seed oil is a natural active ingredient characterized by good oxidative stability and high biological activity [53].



The stability index of the oleogel made from strawberry seed oil was 85.27%, indicating high stability of the structure, with 14.73% of the oil being present in the liquid phase. Similar stability values were obtained for the oleogel made from tomato seed oil (88.54%) [32] and carnauba wax (99.9%) [33].




3.2. Chemical Properties of the Ice Cream


Table 2 shows the chemical composition, calorie value, polyphenolic compound content, and antioxidant activity of the ice cream made from lactose-free milk. The ice cream had high dry matter content (36.59–37.43 g·(100 g)−1), protein content (12.16–13.91 g·(100 g)−1), fat content (9.93–12.75 g·(100 g)−1), dietary fiber content (12.92–20.48 g·(100 g)−1), and carbohydrate content (48.60–56.82 g·(100 g)−1). The caloric value of the ice cream ranged from 386 kcal·(100 g)−1 to 404 kcal·(100 g)−1. As the quantity of the strawberry seed oil-derived oleogel increased, the protein content decreased, and the fat content increased. Ultrasonic treatment resulted in ice cream with a significantly lower fat and dietary fiber content and a higher carbohydrate content compared to traditional pasteurization. Nazarewicz et al. [32] obtained similar results for ice cream containing a tomato seed oil-derived oleogel, also subjected to ultrasonic treatment. Güven and Karaca [50] achieved a high dry matter (34.40–42.06%) and fat (11.46–12.00%) content in ice cream by combining different oils (hazelnut and olive oil), obtaining physicochemical properties comparable or better than those of ice cream prepared with milk fat. Bermúdez-Aguirre et al. [57] assessed the impact of ultrasound on milk protein content and reported that termosonicated raw whole milk (400 W, 24 kHz, 36 to 120 μm amplitude, 63 °C) resulted in a decrease in protein content from 3.28 to 3.02%, depending on the intensity of the treatment. Villamiel and de Jong [58] evaluated the effect of continuous-flow high-intensity ultrasound processing (with and without heat) on whey proteins and caseins and reported that ultrasound caused the denaturation of the two whey proteins α-lactalbumin and β-lactoglobulin. This denaturation was higher in whole milk subjected to ultrasound combined with heat due to the modification of the tertiary and quaternary structures of casein, without altering the micelles.



The total content of phenolic compounds in the ice creams ranged from 0.78 mg GAE·(100 g)−1 to 1.28 mg GAE·(100 g)−1 (Table 2). As the proportion of oleogel increased in the ice creams, the total polyphenol content decreased. Ultrasonic treatment did not significantly affect the change in total polyphenol content. The highest total polyphenol content (1.28 mg GAE·(100 g)−1) was observed in the ice cream sample with 6% oleogel and subjected to ultrasonic treatment. High levels of polyphenols were also found in ice creams containing sesame seed oil (45.62 mg GAE·(100 g)−1), pomegranate seed oil (46.37 mg GAE·(100 g)−1), grape seed oil (67.13 mg GAE·(100 g)−1) [59], grape pomace flour (197.41 mg GAE·(100 g)−1) [60], and American blueberry concentrate (101.15 μg GAE·(100 mg)−1) [61]. The DPPH method used to determine the antioxidant activity of the ice creams is based on the ability to scavenge free radicals. The results showed that the antioxidant activity of the ice creams ranged from 1.24 to 1.42 mg TEAC·(100 g)−1 and increased with an increasing oleogel content when traditional pasteurization of the ice cream mixture was applied. However, in the case of ultrasonic treatment of the ice cream mixture, the opposite trend was observed, where the antioxidant activity of the ice creams decreased from 2.00 to 0.94 mg TEAC·(100 g)−1. The antioxidant activity of strawberry seed oil is due to the presence of salicylic acid (132.88 mg·kg−1), caffeic acid (111.67 mg·kg−1), p-coumaric acid (95.69 mg·kg−1), and quercetin (26.42 mg·kg−1) [54]. Akca and Akpinar [59] stated that increasing the acidity of the fruit can increase the DPPH radical-scavenging activity; so, acidity of probiotic ice creams causes an increase in the DPPH radical scavenging of the ice cream.



Increasing the share of oleogel significantly and statistically decreased the ash content in the ice cream, both in that subjected to traditional pasteurization and in that subjected to ultrasound treatment. The highest ash content was obtained for ice cream with a 5.0% oleogel share. The ash content in food is related to the total content of mineral components [62]. High levels of K, Na, Mg, P, and Fe were found in the ice cream (Table 3), with K and Ca being the main elements. Increasing the share of oleogel in the ice cream decreased their content (confirming the dependencies obtained for the ash content). An opposite relationship was observed for Ca, since increasing the share of oleogel led to an increase in its content in the ice cream (in the range from 4262.00 to 5057.70 mg∙kg−1). However, ultrasound treatment contributed to a decrease in Ca content in the ice cream in the range from 3632.80 to 3974 mg∙kg−1 of dry matter. In probiotic ice cream with cornelian cherry peel, a significantly lower content of Ca (2481.2 mg∙kg−1), Mg (478.2 mg∙kg−1), P (1018.8 mg∙kg−1), K (3013.1 mg∙kg−1), and Na (670.3 mg∙kg−1) was obtained [63]. Kotan [64] in his studies observed that the addition of blueberries significantly increased the levels of some important minerals in ice cream, such as K, Fe, Mn, and Zn, which are of vital importance for the human body.




3.3. Physical Properties of the Ice Cream


Table 4 presents the thermophysical properties of the ice cream containing the oleogel obtained from strawberry seed oil. The freezing point temperature (cryoscopic) of ice cream is one of the main physical characteristics that determine the freezing process. It depends not only on the amount of dissolved compounds, but also on their molecular weight, especially on the type and concentration of the sweetening substance. The value of the freezing point temperature affects the crystallization process of water and the amount of freezable water in ice cream [65]. The freezing point temperature of the tested ice cream ranged from −4.50 to −5.32 °C. Low freezing point temperature values of ice cream are due to the presence of fructose, which lowers the freezing point temperature more than disaccharides such as sucrose, maltose, or lactose. The varying proportion of oleogel and ultrasonic treatment did not significantly affect the freezing point temperature value of the ice cream. The ice cream with 5% oleogel obtained from strawberry seed oil subjected to pasteurization had the lowest amount of freezable water (39.02%), while the ice cream with 7% oleogel obtained from strawberry seed oil subjected to ultrasonic treatment had the highest amount of freezable water (42.51%). Furthermore, the higher the freezing point temperature, the greater the amount of freezable water in the ice cream. The values of the melting heat of the ice cream increased with the percentage of oleogel in the ice cream for both pasteurized and ultrasonically treated samples. The obtained DSC curves of ice cream mixtures were typical for systems with a high water content, such as typical ice cream mixtures. In the conducted research, the water content in the ice cream ranged from 62.57 to 63.41%. The thermophysical properties of ice cream are generally dependent on the dry matter content, mainly in terms of the content of dissolved solid substances (proteins, fats). Moreover, the enthalpy of fusion ice increases with the increase in water content in products [66]. Similar relationships were obtained for vegan ice cream (using soy and coconut milk), where the type of milk had no significant effect on the thermophysical properties of the ice cream. The freezing point temperature of the ice cream ranged from −4.53 to −5.53 °C, the amount of freezable water from 31.68 to 39.61%, and the difference in enthalpy from 106.57 to 132.29 J·g−1 [48]. The obtained relationships confirmed earlier studies conducted by the authors [32], where the freezing point temperature values of ice cream containing oleogels with tomato seed oil and subjected to ultrasonic treatment were in the range from −4.70 to −5.23 °C, and the amount of freezable water was in the range from 34.70 to 42.19%.



Warren and Hartel [67] found that the degree of overrun has a significant impact on the melting rate of ice cream, as air is an excellent insulator and prevents heat from penetrating the ice cream during the melting process. The overrun of ice cream exhibited an increase as the percentage of oleogel in the ice cream subjected to traditional pasteurization increased. In the case of ice cream subjected to ultrasonic treatment, the opposite relationship was observed. The higher the percentage of oleogel, the lower the degree of overrun in the ice cream. The lowest overrun was observed for ice cream with a 7% oleogel content subjected to ultrasonic treatment (26.01%), while the highest was observed for ice cream with a 7% oleogel content subjected to traditional pasteurization (45.64%). In a study by Jing et al. [34], it was shown that the overrun of ice cream containing an oleogel (33.02%) was higher than that of ice cream containing camellia oil (13.83%). Statistically significant differences were observed during the analysis of the complete melting time. Ice cream with a 5% oleogel content subjected to ultrasonic treatment melted the slowest (33.25 min). In earlier studies, the authors also found that ice cream with 7% oleogel obtained from tomato seed oil and subjected to pasteurization melted the slowest, with a complete melting time of 31 min. Ice cream subjected to ultrasonic treatment exhibited significantly higher hardness (17.71–25.70 N) compared to ice cream subjected to pasteurization (2.04–9.98 N), which was also related to the lower degree of overrun in these samples [32].



Apparent viscosity is a physical property that is particularly important in the design of industrial installations. In the study, such a measurement was adopted to determine the effect of the variable oleogel content in the ice cream, as well as the effect of the two types of processing used (traditional pasteurization and ultrasound treatment). The measurements were conducted for melted ice cream at a specific temperature. For the tested samples, a significant increase in the apparent viscosity of the ice cream (from 332.63 to 395.67 mPa·s) was found with an increasing oleogel content in the case of traditional pasteurization. However, in the case of ice cream subjected to ultrasound treatment, an inverse relationship was observed, with a significant decrease in the apparent viscosity occurring as the oleogel content increased, in the range from 518.63 to 273.63 mPa·s. A study by Bermúdez-Aguirre et al. [55] on ice cream subjected to ultrasound treatment showed a shorter processing time without significant changes in pH, along with better appearance and consistency when compared to ice cream subjected to conventional thermal treatment.




3.4. FTIR Spectroscopy


In order to conduct a detailed analysis of the obtained ice cream samples, Fourier transform infrared (FTIR) spectroscopy was used. Figure 3 presents all spectra in the spectral range of 3600–550 cm−1. Table 5 provides a comprehensive review of the literature data, assigning the vibrations of the most significant functional groups to their corresponding bands.



Moving on to the characterization of individual spectral bands, the first very broad spectral region with a characteristic maximum at 3294 cm−1 corresponds to the stretching vibrations characteristic of hydroxyl groups, both free and hydrogen-bonded [68,69]. In the tested ice cream samples, these vibrations mainly originated from the –OH groups in the fat molecules and carbohydrate structures and were enhanced by the vibrations of water molecules. The aforementioned region underlies the characteristic stretching vibrations of C–H, alkyl, and aromatic groups, which are particularly abundant in ice cream samples rich in fats and carbohydrates. These vibrations derive from hydrocarbon molecules [70,71,72,73,74], symmetrical and asymmetrical –CH2 and –CH3 groups. The characteristic broad band of the hydroxyl groups was also influenced by the formation of hydrogen bonds in the samples, whose vibrations are quite strong. In selected oleogels, they derive from dimers of carboxylic acids [68]. In turn, the deformation vibrations of the hydroxyl groups occur with a maximum at 1648 cm−1. This band is influenced by the vibrations of the same structures, as mentioned above [72]. It should be noted that in the tested ice cream samples, this band might be slightly enhanced by the asymmetrical vibrations characteristic of the ν (COO−) group [73]. This band is additionally significantly amplified by the characteristic vibrations of the Amide I structure, which derive from the protein components present in the samples. In turn, a very interesting and reliable band with a maximum at ~1743 cm−1 is due to the stretching vibrations of the functional group ketone C=O of fructose [68]. The samples selected for the analysis had a fairly large amount of this component [68,73], and the intensity of this band noticeably changed depending on the two pasteurization methods used for the ice cream mixtures (traditional or ultrasonic), suggesting that it is a very good spectroscopic marker of the applied techniques. This band was particularly slightly underpinned for ice cream subjected to traditional pasteurization, from the side of lower wavenumbers at ~1725 cm−1. The structure of this underpinning disappeared in samples treated with ultrasound, in favor of an increase in the intensity of this band, which was most likely associated with the possibility of hydrogen bonding between the carbonyl group and the hydroxyl group of the other aforementioned components. This indicates most likely a higher aggregation, in terms of packing and arrangement of molecules in the samples, after the application of traditional pasteurization. This is also an interesting result and is most likely related to the specificity of the given product.
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Table 5. The positions of the absorption band maxima in the FTIR spectra were determined, and the corresponding vibrations were assigned for the selected samples: PT5, PT6, and PT7 and UT5, UT6, and UT7 [69,71,75].
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FTIR

	
Type and Origin of Vibrations




	
Positioning of Band [cm−1]






	
3294

	
νst(O–H) and –OH in H2O




	
2952

	
νs+as (C–H) in CH2 and CH3 groups, both in carbohydrates and in fatty acids




	
2920




	
2870




	
2850




	
1743

	
ν (C=O) and ν (C=O)···OH




	
1725




	
1649/1644

	
δvw (–OH) and νvw (–C=C–) and Amide I




	
1544

	
νvw (–C=C–) and Amide II




	
1452

	
δ (–O–CH) and δ (–C–C–H)




	
1415

	
δst (O–H) in C–OH group + δ (C–H)




	
1376

	
δ (–OH) in C–OH group and ν (–C–H, –CH3) and deformation




	
1342




	
1238

	
νm (–C–O) or δm (–CH2–) ν (C–H) in carbohydrates and Amide III




	
1198/1144

	
ν (C–H) in carbohydrates and ν (C–O) in C–O–C group and νst (C–C) in the carbohydrate structure




	
1097




	
1048




	
1030




	
976

	
νst (C–C) in the carbohydrate structure, δ (C–H)




	
963




	
916




	
892

	
ν (C–C) in the carbohydrate structure, δ (C–H)




	
864




	
815




	
776




	
698








ν—stretching vibrations, δ—deformation vibrations, s—symmetric, as—asymmetric, st—strong.











Moving on to the characterization of the so-called fingerprint region (e.g., below 1550 cm−1), many characteristic vibrations for this type of ice cream could be observed. The applied methods of pasteurization, both with ultrasound and traditional, had a significant impact mainly on the intensity of bands in the aforementioned range. The very characteristic vibrations in this region originate from structures such as C–O, C–C, C=C, and C–H and also include the bending vibrations of C–H present in the chemical structure of carbohydrates [68,70,71,72,73]. However, they are also very characteristic of vibrations from the fat fraction in these types of samples, which constitutes a significant percentage of their composition. The characteristic, intense bands in this region are vibrations with maximums at ~1544 cm−1, 1455 cm−1, 1414 cm−1, 1340 cm−1, and 1240 cm−1. They mainly belong to the deformative vibrations of groups such as O–CH and C–C–H in the carbohydrate structure (Table 5). The band with a maximum at 1544 cm−1 corresponds also to vibrations of the Amide II structure, which is also characteristic of protein components. Vibrations with a maximum of ~1414 cm−1 also originate from symmetric vibrations of the ester group COO−. This region is strengthened by the deformative vibrations of the –OH group in the C–OH bond. The band originating from the vibrations of the Amide III structure strengthens the vibrations with a maximum of 1240 cm−1. Another very characteristic spectral region is that containing the vibrations in the range from 1230 cm−1 to ~950 cm−1. A very characteristic vibration with a maximum at ~1047 cm−1 occurred in this range for this type of samples. It originated from stretching vibrations mainly belonging to the C–O groups in the carbohydrate structure. Maximums at ~1144 cm−1 and, above all, at ~1047 cm−1 are vibrations belonging to the C–O groups in the characteristic C–O–C bond (Figure 3). In the case of samples of this type, they are strengthened by vibrations originating from the fat fraction, which enhances the band intensity in this area. These vibrations are also supported by stretching vibrations of the C–O groups in the C–OH and COO− groups, as well as by stretching vibrations of the C–C groups in the carbohydrate structure of the components of the tested samples [70,72,73]. It is also worth examining the region below 960 cm−1. The mainly characteristic vibrations occurring here are for the anomeric region of carbohydrates, as well as for the deformation of C–H and C–C [70,71,72]. Monitoring changes in the intensity of the bands in this area would provide information on modifications in the bonds of the carbohydrate fractions in the tested ice cream. In our study, we did not observe significant changes in the aforementioned range, which may indicate no disturbance to the main structure of the ice samples due to the ultrasound treatment. At the same time, it confirmed a better packing of molecules (in terms of sample uniformity) in the obtained ice, as mentioned above.



To summarize the preliminary results obtained using infrared spectroscopy, it should be emphasized that there were clear differences visible in the spectra of the ice cream samples obtained using different pasteurization methods, especially for ultrasound. The observed differences mainly concerned changes in the intensity of the bands. The largest differences were visible in the region of the vibrations of the C–H groups and carbonyl group, as well as in the area of the vibrations of the C–C, C–H, and C–O groups. These changes concerned regions related to fat fractions and carbohydrate components, which confirmed the chemical analysis of the ice cream. After using the ultrasound treatment, the ice cream had a lower fat content but a noticeably higher carbohydrate content compared to ice cream subjected to traditional pasteurization. The spectra also suggested that traditional pasteurization, in the case of these samples, most likely caused a better packing of the molecules of different compounds in the obtained ice cream.



It is worth emphasizing that especially the fingerprint area for both types of samples is very interesting and shows various changes that indicate differences between the samples. For example, we also observed a band with a maximum of about 1375 cm−1. It occurred for samples subjected to traditional pasteurization (PT) but disappeared for samples subjected to ultrasonic pasteurization (UT). According to the literature data, it may belong mainly to fatty structures in the tested samples and may correspond to the characteristic C–H or C–O stretching vibrations. The disappearance of vibrations in this region may also confirm our assumptions about a better packing of molecules in the given samples. This, in turn, certainly translates into differences in consistency between samples obtained by different pasteurization methods.



In addition, clearly, also in this area (fingerprint area), a more intense vibration was noticeable with a maximum at about 1450 cm−1, which basically, is a slope of this band. The aforementioned area was more pronounced for samples subjected to traditional pasteurization, and its intensity decreased for samples obtained by means of ultrasonic pasteurization. These vibrations derived from similar structures as those mentioned above; however, they corresponded to the deformation vibrations of these groups. Their changes also confirmed the above interpretations.



However, a very important change in the opposite direction was observed in the band of low intensity with a maximum of about 1144 cm−1. This band belongs to the stretching vibrations of such groups as C–C, C–O, or C–H in carbohydrate structures. We observed it for samples subjected to ultrasonic pasteurization, and it practically disappeared in the spectra of samples obtained by traditional pasteurization. These changes confirmed that in the samples obtained by the new method of pasteurization, we obtained a higher level of carbohydrate structures.



This seems to be characteristic of this type of food material, as often observed in the literature, but is generally not typical of the physical treatment method itself. Significant changes in the intensity of bands were observed for the following maxima: 1414 cm−1, 1240 cm−1, 1144 cm−1, and 1047 cm−1. However, the most significant changes were observed at 1743 cm−1, 2920 cm−1 and 1451 cm−1, which mainly corresponded to changes in the quantity of fat structures and in the content of carbohydrate structures in the samples.




3.5. Scanning Electron Microscopy (SEM)


To confirm the results of the conducted research and analysis, microstructure images of the ice creams were taken using scanning electron microscopy (SEM), which are presented in Figure 4.



Overall, it can be stated that the microstructure of the ice creams was characterized by a high density of air bubbles, confirming a low level of aeration of the ice cream samples. In the case of the ice cream samples obtained from ice cream mixes treated with ultrasound and with the addition of 5% and 6% oleogel, a non-uniform structure could be observed. A more delicate structure was observed in the sample with 7% oleogel. In the remaining samples, small spherical spaces with small air bubbles could be observed. A microstructure analysis can provide crucial information when observing changes in fat globules and the type of destabilization. The method of preparing the ice cream mix (homogenization method) and its composition (presence of stabilizers) are important in shaping the ice crystals in ice cream [20]. Based on the microscopic photos, the agglomeration of fats and considerable diversification were visible in all ice cream mixes.





4. Conclusions


The research demonstrated the potential of ultrasound treatment as a viable alternative to conventional pasteurization methods, with no adverse effects on the physicochemical properties of ice cream. It was shown that ice cream treated with ultrasound had lower fat content and higher carbohydrate content. Our analysis using FTIR spectroscopy confirmed that the biggest changes were characteristic of the fat and carbohydrate fractions. The changes in the spectra only in terms of band intensity also confirmed the lack of a negative impact on the internal structure of the ice cream, thus confirming the quality and benefits of the ultrasound treatment method. They also suggested a better packing of the molecules of different compounds in the ice creams in the presence of the oleogel. In addition, ultrasound treatment increased the apparent viscosity of the ice cream, which contributed to reduced overrun, increased hardness, and resistance to melting. However, it did not affect the change in the freezing point temperature of the ice cream, the amount of freezable water, and the enthalpy difference. Therefore, ultrasound treatment combined with heating provides the possibility of replacing the standard pasteurization method.



Strawberry seed oil is rich in unsaturated fatty acids and can form stable oleogels, which significantly impact the physicochemical properties of ice cream. As the proportion of oleogel increased, various characteristics of the ice cream were affected. These included an increase in fat content, freezable water content, enthalpy of fusion, and degree of overrun, along with a decrease in freezing point temperature. Oleogels derived from strawberry seed oil are a promising alternative to traditional fats in ice cream, particularly for those seeking higher levels of unsaturated fatty acids. In summary, by using ultrasonic treatment of an ice cream mixture and modifying the mixture’s composition with oleogels, ice cream with favorable physicochemical properties could be obtained. The use of ultrasound and oleogels as fat substitutes in ice cream is a future strategy for sustainable production in the face of the increasing consumer demand and changing trends for food producers. Ultrasound can contribute to sustainable production because it is recognized as a non-polluting, economically viable, safe, and healthy technology for consumers.
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Figure 1. View of the oleogel and the stages to obtain it: (a) emulsion, (b) emulsion after drying, (c) oleogel after homogenization. 
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Figure 2. The recipe and stages of creating an ice cream based on the strawberry seed oleogel. 
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Figure 3. Normalized FTIR infrared spectra at 3294 cm−1 of ice cream samples treated with ultrasonic (U) and traditional pasteurization (P). The spectra are presented in the spectral range from 3600 to 550 cm−1. 
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Figure 4. Scanning electron microscopy was used to examine the structure of the ice cream (pasteurized ice cream: PT5—sample with 5% strawberry-seed oleogel, PT6—sample with 6% strawberry-seed oleogel, PT7—sample with 7% strawberry-seed oleogel; ultrasound-treated ice cream: UT5—sample with 5% strawberry-seed oleogel, UT6—sample with 6% strawberry-seed oleogel, UT7—sample with 7% strawberry-seed oleogel). 
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Table 1. Fatty acid content in strawberry seed oil.
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Fatty Acid

	
Content [%]






	
Saturated fatty acid

	
Myristic acid C14:0

	
0.05




	
Palmitic acid C16:0

	
4.88




	
Margaric (heptadecanoic) acid C17:0

	
0.05




	
Stearic acid C18:0

	
2.18




	
Arachidic (eicosanoic) acid C20:0

	
0.55




	
Unsaturated fatty acid

	
Linoleic acid (n-6) C18:2

	
47.37




	
Linolenic acid (n-3) C18:3

	
17.64




	
Palmitoleic acid C16:1

	
0.20




	
Oleic acid (n-9) C18:1

	
24.11




	
cis-5 Eicosenoic acid C20:1

	
0.21
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Table 2. The chemical composition [g·(100 g)−1], antioxidant activity [mg TEAC·(100 g)−1], and caloric value [kcal·(100 g)−1] of the tested ice creams with the addition of oleogels.
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	Properties
	PT5
	PT6
	PT7
	UT5
	UT6
	UT7





	Dry matter
	36.80 ab ± 0.14
	36.89 ab ± 0.16
	36.59 a ± 0.34
	37.19 ab ± 0.47
	37.43 b ± 0.16
	37.29 ab ± 0.31



	pH
	6.29 d ± 0.01
	6.34 ab ± 0.01
	6.40 c ± 0.01
	6.32 a ± 0.01
	6.36 b ± 0.01
	6.40 c ± 0.01



	Protein
	13.91 b ± 0.06
	13.15 d ± 0.05
	12.16 a ± 0.04
	13.90 b ± 0.03
	12.90 c ± 0.09
	12.26 a ± 0.07



	Fat
	10.56 a ± 0.08
	11.88 d ± 0.03
	12.75 e ± 0.03
	9.93 b ± 0.03
	10.45 a ± 0.03
	11.07 c ± 0.03



	Ash
	3.16 c ± 0.02
	2.82 b ± 0.03
	2.65 a ± 0.04
	3.05 c ± 0.06
	2.87 b ± 0.06
	2.68 a ± 0.06



	Carbohydrate
	48.60 a ± 0.13
	48.77 a ± 0.01
	50.53 b ± 0.07
	56.82 e ± 0.08
	54.35 d ± 0.07
	52.58 c ± 0.25



	Dietary fiber
	20.48 f ± 0.06
	19.97 e ± 0.05
	19.22 d ± 0.04
	12.92 a ± 0.05
	16.04 b ± 0.06
	18.13 c ± 0.10



	Caloric value
	386 b ± 0.24
	395 a ± 0.16
	404 d ± 0.21
	398 c ± 0.44
	395 a ± 0.20
	395 a ± 0.28



	TPC (mg GAE·(100 g)−1)
	1.00 b ± 0.04
	0.98 b ± 0.06
	0.78 c ± 0.02
	0.99 b ± 0.01
	1.28 a ± 0.05
	0.86 c ± 0.07



	Radical-Scavenging Activity (DPPH mg TEAC·(100 g)−1)
	1.24 b ± 0.02
	1.29 b ± 0.04
	1.42 a ± 0.06
	1.20 b ± 0.04
	1.16 b ± 0.06
	0.94 c ± 0.05







Explanation: The presented data are mean values of three replications ± standard deviation. Carbohydrates by difference. Values in the row followed by the same letters are not significantly different (p value < 0.05). GAE = Gallic Acid Equivalent. PT5, PT6, PT7—ice cream with oleogel 5%, 6%, 7%, traditional pasteurization, UT5, UT6, UT7—ice cream with oleogel 5%, 6%, 7%, ultrasound treatment.
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Table 3. The content of macro- and microelements in the ice cream [mg·kg−1 of dry matter].
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	PT5
	PT6
	PT7
	UT5
	UT6
	UT7





	K
	4059.80
	4008.35
	3994.50
	4231.10
	4042.90
	3913.60



	Na
	1426.80
	1404.00
	1403.60
	1478.70
	1405.90
	1345.10



	Ca
	4362.00
	4018.00
	5057.70
	3637.80
	3550.70
	3974.40



	Mg
	458.90
	448.24
	458.20
	422.30
	418.50
	418.70



	P
	3812.90
	3315.30
	3162.00
	3466.40
	3403.40
	3204.00



	Fe
	45.20
	45.80
	30.10
	45.50
	37.00
	16.90



	Mn
	0.10
	0.20
	0.20
	0.40
	0.10
	0.10



	Zn
	10.10
	9.70
	8.90
	9.70
	9.30
	9.10



	Cu
	1.00
	0.80
	0.70
	0.30
	0.70
	0.70



	Co
	0.40
	0.40
	0.50
	0.20
	0.40
	0.40
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Table 4. Thermal and physical properties of the tested ice cream.
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	Properties
	PT5
	PT6
	PT7
	UT5
	UT6
	UT7





	Freezing point [°C]
	−5.32 a ± 0.27
	−5.09 a ± 0.14
	−4.67 a ± 0.45
	−5.06 a ± 0.18
	−4.58 a ± 0.49
	−4.50 a ± 0.45



	Freezable water [%]
	39.02 c ± 0.48
	40.48 a ± 0.49
	41.45 ab ± 0.38
	40.38 a ± 0.35
	40.99 a ± 0.57
	42.51 b ± 0.49



	Enthalpy of fusion [J·g−1]
	130.32 c ± 1.61
	135.19 a ± 1.64
	138.46 ab ± 1.26
	134.86 a ± 1.15
	136.91 a ± 1.91
	141.97 b ± 1.62



	Overrun [%]
	38.94 c ± 0.40
	41.24 d ± 0.47
	45.64 e ± 1.09
	31.60 a ± 0.86
	31.45 a ± 0.38
	26.01 b ± 0.57



	Complete melting time [min.]
	23.52 a ± 0.06
	29.69 c ± 0.28
	27.37 b ± 0.08
	33.25 f ± 0.06
	30.48 e ± 0.03
	30.08 d ± 0.04



	Hardness [N]
	2.04 a ± 0.38
	3.81 a ± 1.00
	9.98 d ± 3.59
	25.70 c ± 2.78
	20.93 bc ± 1.12
	17.71 b ± 1.72



	Apparent viscosity [mPa·s]
	332.63 b ± 0.64
	369.00 c ± 1.00
	395.67 d ± 0.58
	518.63 f ± 0.55
	427.30 e ± 0.61
	273.63 a ± 1.10







Explanation: The presented data are mean values of three replications ± standard deviation. Carbohydrates by difference. Values in the row followed by the same letters are not significantly different (p value < 0.05). PT5, PT6, PT7—ice cream with oleogel 5%, 6%, 7%, traditional pasteurization, UT5, UT6, UT7—ice cream with oleogel 5%, 6%, 7%, ultrasound treatment.
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