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Abstract

:

The objective of this study was to determine the optimal conditions for the recovery of bioactive and antioxidant compounds in aqueous solutions of Cistus creticus leaves and then employ the optimal extract for the enrichment of yogurt samples. The optimal conditions were established by a response surface methodology and were determined to be a liquid-to-solid ratio of 48 mL/g at 76 °C for 41 min. The optimum extract yielded TPC 157.17 mg GAE/g dw and TFC 2.38 mg QE/g dw, while FRAP and DPPH values were 1258.52 and 933.67 μmol AAE/g dw, respectively. HPLC-DAD was utilized to identify and quantify specific polyphenols, like myricetin rhamnoside, in the extract. The optimal extract was then added to yogurt desserts during their preparation at three different concentrations to study how the physicochemical characteristics of the yogurt, as well as the antioxidant capacity added during enrichment, were affected. Statistical analysis of the results was carried out in order to obtain more valid data. It seems that the most suitable concentration for yogurt fortification was 0.1% w/v of the extract as, at this concentration, the yogurts exhibited higher antioxidant capacity, and their physicochemical characteristics were improved.
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1. Introduction


Oxidative stress, which refers to the imbalance between reactive oxygen species and antioxidant compounds, has been associated with various pathological conditions such as neurodegenerative disorders, cardiovascular diseases, diabetes mellitus, and numerous other ailments [1]. Antioxidants are usually naturally occurring compounds that prevent the oxidation process of other molecules, thus ensuring cellular protection against oxidative stress. Due to their importance for safeguarding human health, much emphasis is being placed on increasing their consumption. In addition, naturally derived antioxidant compounds are gaining more and more interest. Considerable research has been devoted to the analysis of antioxidant compounds found in a variety of plant-based products [2]. Polyphenols, which are secondary bioactive compounds that exist naturally in plants, exhibit a variety of bioactive properties that contribute to the promotion of general well-being, with antioxidant potential being their major property [2,3,4]. The utilization of polyphenols has attracted significant interest across various industries, including food processing, preservation, and the pharmaceutical industry [5].



Cistus creticus is a Mediterranean perennial shrub of the Cistaceae family [6]. It is also known as rock rose and it is widely distributed in Europe, mainly in the Mediterranean region, in West Africa, and in Asia [7,8]. It is mainly native to the island of Crete in Greece [9]. The plant species thrives in arid, warm climates, ranging in altitude from sea level to eight hundred meters. It produces bisexual blossoms with multiple stamens and five violet petals. The fruit of C. creticus takes a capsule form, and it has small, water-resistant seeds [10]. These plants exhibit the ability to thrive in unfavorable environmental conditions, including adverse climates and poor soil quality [8]. In traditional medicine, various preparations are known and used primarily as anti-inflammatory, hemostatic, tonic, anti-diabetic, antispasmodic, and carminative agents [11]. Contemporary scientific investigations [9,12,13,14,15] have prioritized the process of isolating and identifying the compounds found in extracts and resins derived from Cistus species. Numerous studies [6,11,16,17,18,19,20,21] have also examined the biological and pharmacological activity of these compounds, which give rise to the therapeutic properties of the plant. Phytochemical investigations employing chromatographic and spectroscopic methodologies have demonstrated that Cistus possesses a variety of polyphenols [8]. Various terpenes, polyphenols, and flavonoids are also known to contribute to the chemical composition of the C. creticus species [6]. Furthermore, several investigations have demonstrated the capacity of Cistus species extracts to effectively impede the growth of leukemic and tumor human cell lines [6,22]. Flavonoid aglycones and glycosides are further secondary metabolites that can be found in Cistus species [22].



In recent years, humans have started to look for foods rich in antioxidant compounds of natural origin [23]. These foods can be classified as bioactive and offer many benefits to human health, as well as protection against various diseases [24]. Yogurts are dietary desserts that have many health benefits, as they contain lactic acid bacteria [25]. Current research suggests that lactic acid bacteria serve an essential role in human and animal health, including the ability to decrease the occurrence of chronic diseases, enhance nutritional status, boost immunity, facilitate growth, and alleviate stress [25,26,27]. Consequently, they hold significant importance in the food and pharmaceutical industries [28,29,30]. C. creticus is a plant that has a plethora of antioxidant and bioactive compounds, thus attracting interest. The aim of this work was dual. The first aim was to optimize the extraction conditions in order to maximize the extraction yield of bioactive compounds from the leaves of C. creticus. By carrying out the optimization process, optimum usage of resources was ensured, while the obtained extracts were rich in the extracted compounds. Since the as-prepared extracts held promise for usage in food product preparation, the second aim of this study was to utilize the obtained extracts in order to prepare yogurt desserts enriched with the extracted bioactive compounds. As such, the as-prepared yogurt desserts are expected to exhibit enhanced antioxidant activity, so that consumers can benefit from this bioactivity.




2. Materials and Methods


2.1. Chemicals, Materials and Reagents


Sodium acetate, aluminum chloride, iron chloride (hexahydrate), hydrochloric acid, L-ascorbic acid, phenol, ethanol, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), DPPH• (1,1-diphenyl-2-picrylhydrazyl), and all chemical standards used for HPLC-based analysis, namely, luteolin glucoside (≥98.0%), myricetin glucoside (≥98.0%), myricetin rhamnoside (≥99.0%), quercetin glucoside (≥98.0%), rutin (≥95.0%), and quercetin rhamnoside (≥95.0%) were purchased from Sigma-Aldrich (Steinheim, Germany). Gallic acid, sulfuric acid, Folin-Ciocalteu reagent, and anhydrous sodium carbonate were all obtained from Penta (Prague, Czech Republic).



Fresh leaves of C. creticus L. were collected in October 2022 from plants aged 2–3 years and grown in the Phthiotis region of Greece, specifically at the coordinates 38°58′22″ N and 22°19′09″ E and with an altitude of 510 m, as determined by Google Earth version 9.185.0.0. A typical C. creticus plant with its leaves is illustrated in Figure 1. The plant material was transported to the laboratory, where the leaves underwent a washing process using water, followed by drying using paper towels. Following this, the plant material was freeze-dried overnight at −60 °C for 24 h and subsequently ground into powder using a blender. The powder thus obtained exhibited an average particle diameter of 303 μm and was subsequently stored at −40 °C.




2.2. Extraction Procedure


An electronic analytical digital scale balance (Kern PLS 3100-2F, Kern & Sohn GmbH, Balingen, Germany) was used to weigh 1 g of C. creticus leaves in powder form. The powder was placed in a glass beaker along with water and the extraction procedure took place via stirring. The extraction was carried out at various liquid-to-solid ratios, temperatures, and time durations (Table 1). Following extraction, each sample was centrifuged in a NEYA centrifuge (Remi Elektrotechnik Ltd., Palghar, India) at 4500× g for 10 min. The supernatant was retracted and stored at −40 °C until further analysis.




2.3. Response Surface Methodology (RSM) Optimization of Extraction and Experiment Design


Total polyphenol content (TPC) was extracted with the highest possible yield using RSM. An optimization process was conducted through a Box–Behnken design with a main effect screening layout and 15 design points, 3 of them acting as central points. The process variables were set up in 5 levels in accordance with the experimental design. Table 1 shows the coded independent variables and their values, examined to optimize the extraction. The significance of the model coefficients (equations) was determined at a minimum level of 95% using the analysis of variance (ANOVA), summary-of-fit and lack-of-fit tests.



The independent variables and their effects on the response variable were predicted using a second-order polynomial model, as shown in Equation (1) below:


    Y   k   =   β   0   +   ∑  i  = 1    2      β   i     X   i     +   ∑  i  = 1    2      β   ii     X   i   2     +   ∑  i  = 1    2      ∑  j = i  + 1    3      β   ij     X   i     X   j        



(1)







The predicted response variable appears as Yk, while the independent variables are Xi and Xj. The intercept and regression coefficients for the linear, quadratic, and interaction terms of the model are shown as β0, βi, βii, and βij, respectively.




2.4. Quantification of Total Polyphenol Content (TPC)


The determination of TPC was carried out using a previously described method [31]. Briefly, 100 μL of C. creticus extracts were combined with 100 μL of Folin-Ciocalteu reagent in a 1.5 mL Eppendorf tube. Following a 2-minute interval, 800 μL of 5% w/v sodium carbonate solution was introduced, followed by a 20-minute incubation at 40 °C. The measurement of absorbance was conducted at 740 nm in a UV-1700 Shimadzu spectrophotometer manufactured by Shimadzu Europa GmbH in Duisburg, Germany. A calibration curve (10–80 mg/L) was constructed utilizing gallic acid as the standard compound. Using the following Equation (2), the extraction yield in total polyphenols (YTP) was calculated as mg GAE per g of dry weight (dw):


    Y   TP   ( mg  GAE / g   dw )  =     C   TP   × V   w    



(2)




where     C   TP     denotes the total polyphenol concentration (in mg GAE/L), V is the volume of the extraction medium (in L), and w is the dry weight of the sample (in g).




2.5. Determination of Total Flavonoid Content (TFC)


A previous methodology [32] was followed, in which 100 μL of the sample was combined with 860 μL of aqueous ethanol (35% v/v) and 40 μL of a reagent consisting of 0.5 M sodium acetate and 5% (w/v) aluminum chloride. After letting the mixture stand for 30 min at room temperature, the absorbance measurement at 415 nm was conducted. Total flavonoid concentration (CTFn) was determined with a quercetin calibration curve (30–300 mg/L in methanol). Using Equation (3), the extraction yield of total flavonoids (YTFn) is expressed as mg quercetin equivalents (QE) per g dry weight (dw):


    Y   TFn    ( mg   QE / g   dw )  =     C   TFn   × V   w    



(3)




where V is the volume of the extraction medium (in L), and w is the dry weight of the sample (in g).




2.6. Ferric-Reducing Antioxidant Power (FRAP) Assay


The FRAP assay was carried out in accordance with a previous method [33]. In an Eppendorf tube, 50 μL of the sample was combined with 50 μL of FeCl3 solution (4 mM in 0.05 M HCl). The resultant mixture was subsequently incubated at 37 °C for 30 min. Following the addition of 900 μL of TPTZ solution (1 mM in 0.05 M HCl), the absorbance at 620 nm was measured after 5 min. The determination of ferric-reducing power (PR) was determined as μmol ascorbic acid equivalents (AAE) per g of dw, using an ascorbic acid calibration curve (50–500 μmol/L in 0.05 M HCl). The quantification of the PR of the samples was conducted as described in Equation (4):


    P   R    ( μ mol   AAE / g   dw )  =     C   A A   × V   w    



(4)




where     C   A A     denotes the measured concentration of ascorbic acid (in μmol/L), V is the volume of the extraction medium (in L), and w is the dry weight of the sample (in g).




2.7. Evaluation of Antiradical Activity (DPPH• Assay)


A previously described assay for DPPH• scavenging was used [34]. Following the addition of 975 μL of DPPH• solution (100 μmol/L in methanol) to 25 μL of diluted sample extract (1:5), the absorbance at 515 nm was immediately measured (A515(i)), then again 30 min later (A515(f)). The expression for the radical scavenging capacity of DPPH• is given in Equation (5):


  Inhibition   %   =     A   515   i     −   A   515   f         A   515   i       × 100  



(5)







Antiradical activity (AAR) was expressed as μmol ascorbic acid equivalents (AAE) per liter, using an ascorbic acid calibration curve. The AAR was computed utilizing Equation (6):


   A AR  ( μ mol  DPPH / g   dw )  =     C   A A   × V   w    



(6)




where     C   A A     denotes the measured concentration of ascorbic acid (in μmol/L), V is the volume of the extraction medium (in L), and w is the dry weight of the sample (in g).




2.8. HPLC–DAD Analysis


A previously described process [35] was followed. Briefly, a Shimadzu CBM-20A liquid chromatograph and a Shimadzu SPD-M20A diode array detector (DAD) (both purchased from Shimadzu Europa GmbH, Duisburg, Germany) were used for the analysis of C. creticus extracts. The compounds were separated into a Luna C18(2) column from Phenomenex Inc. (Torrance, California) at 40 °C (100 Å, 5 μm, 4.6 mm × 250 mm). The mobile phase consisted of 0.5% aqueous formic acid (A) and 0.5% formic acid in acetonitrile/water (3:2) (B). The gradient program included an initial 0 to 40% B, then to 50% B in 10 min, to 70% B in another 10 min, and then constant for 10 min. The flow rate of the mobile phase was constant at 1 mL/min. Polyphenols were identified through a comparison of their absorbance spectrum and retention time to pure standards. Finally, they were quantified using calibration curves (0–50 μg/mL). Identifications of polyphenols derivatives and Luteolin 7-(2”-p-coumaroyl glucoside) were based on our previous study, after transferring, adapting, and validating the analysis method from an HPLC–DAD–MS (mass spectrometry) system to the current HPLC-DAD system [35].




2.9. Yogurt Preparation and Preliminary Sensory Evaluation


For the solid-structure yogurt dessert preparation, 1 L of full-fat cow’s milk, obtained from a local supermarket, was heated for 20 min at 85 °C. These conditions were chosen according to the literature as they are characterized as optimal yogurt dessert production conditions, leading to products with a low degree of syneresis [36]. The mixture was allowed to cool to 43 °C and the starter culture (Lactobacillus bulgaricus and Streptococcus thermophilus) was added, along with the C. creticus extract. The yogurt used for the starter culture was Greek traditional sheep yogurt and was also purchased from a local supermarket. The ratio of yogurt was 5 g for every 500 mL of milk. The extract was added in 5 different ratios of 0.01, 0.05, 0.10, 0.15, and 0.20% w/v. The mixture was stirred, covered airtight, and incubated at 38 °C for 4 h. The mixture was then placed in the refrigerator overnight to coagulate.



The enriched yogurt desserts were given to ten experienced trained panelists to evaluate their organoleptic characteristics (texture, aroma, and taste). The added extract concentrations tested were 0.01, 0.05, 0.10, 0.15 and 0.20% w/v. The panelists liked yogurt desserts enriched with 0.05 and 0.1% w/v of extract, while 0.01% w/v seemed to give no added flavor. Moreover, the two higher concentrations, 0.15 and 0.20% w/v, were not accepted by the panelists as they had too strong an added flavor and taste due to the extract. The texture of the yogurt dessert did not change significantly in any of the above cases, while the yogurt desserts with the two highest concentrations exhibited a yellowish hue and a strong flavor due to the extract. For this reason, only the three lowest concentrations of extract were further examined.




2.10. Determination of Lactose in Yogurt Dessert Samples


The Montgomery method [37] was employed with certain adaptations to determine the concentration of lactose. Specifically, 0.2 g of the sample was diluted in 100 mL of distilled water. Next, the mixture was centrifuged for 5 min at 4500× g (at room temperature) and the supernatant was collected. A volume of 0.1 mL of an aqueous phenol solution with a concentration of 80% w/v was added into the supernatant, followed by the immediate addition of 5 mL of concentrated sulfuric acid. The solution was subsequently agitated thoroughly and left for 30 min at room temperature. The absorbances of the samples were then measured with a spectrophotometer at 489 nm.




2.11. Determination of the Degree of Syneresis


The determination of syneresis in solid-structure yogurt desserts was conducted using the drainage method. This involved measuring the volume and weight of the serum after cutting and filtering a 100-gram sample. The volume of the sample was initially divided into quartiles and subsequently subjected to filtration using filter paper for a duration of 24 h. The serum was collected using a volumetric cylinder, and the weight of the serum at 24 h was measured and recorded. This measurement allowed for the calculation of the weight percentage (% w/w) deduction. The assessment of the extraction was conducted on the first and twenty-first day after the production of the yogurt desserts. The analyses were conducted in triplicate.




2.12. Determination of the Water-Holding Capacity


The assessment of the water-holding capacity of yogurt desserts was conducted using the approach established by Akalin et al. [38]. A total of 20 g of each sample was carefully transferred into test tubes that had been pre-weighed. The test tubes were then subjected to centrifugation at a speed of 6000× g for 10 min at a temperature of 20 °C. Subsequently, the weight of serum in g was determined by weighing the test tubes using a precision balance. The water-holding capacity of the yogurt desserts was assessed on two different days: day 1 and day 21 following their preparation. The percentage water-holding capacity was determined using Equation (7):


  Water - holding capacity  ( % )  =     yogurt weight - serum weight   yogurt weight     × 100  



(7)







This value was then expressed as a weight percentage relative to the yogurt weight. The analyses were conducted in triplicate.




2.13. Statistical Analysis


The statistical analysis related to the response surface methodology and distribution analysis, which were applicable through JMP® Pro 16 software (SAS, Cary, NC, USA). The Kolmogorov–Smirnov test was utilized to assess the normality of the data. A one-way analysis of variance (ANOVA) was carried out. The quantitative analysis was performed in triplicate, and the extraction procedures were repeated at least twice for each batch of C. creticus extract. The results are represented in the form of means and standard deviations. A significance level of p < 0.05 was applied to evaluate the statistical significance. Principal component analysis (PCA) was conducted using JMP® Pro 16 software.





3. Results and Discussion


3.1. Extraction Optimization


To examine the impact of various extraction parameters, including the liquid-to-solid ratio, temperature, and time duration, and to enhance the efficiency of the extraction procedure, an RSM approach was utilized. One parameter that is often evaluated is the liquid-to-solid ratio. Regardless of the solvent used, the amount of extracted compounds increases as the liquid-to-solid ratio increases, according to the principles of mass transfer [39]. It is also important to optimize the extraction time and temperature in order to increase the efficiency of the extraction process. Since higher temperatures increase the solubility of solutes, it could be concluded that these two factors could synergistically improve the extraction process. However, it should be mentioned that there is a temperature limit beyond which polyphenolic compounds could undergo degradation [39]. Furthermore, previous research has indicated that both short [40] and long [41] extraction times are effective [39], so it is essential to carefully consider how time influences the extraction of specific compounds. A certain limitation, however, can be considered to be the duration of the extraction process, which does not exceed 150 min. However, this time was chosen so as to make feasible obtaining an extract rich in polyphenols within a reasonable amount of time. Water was the only extraction medium tested as the extracts would be used to enrich yogurt desserts and any traces of organic solvents could have a negative impact on the viability of the bacteria. The measured response encompassed the TPC. In addition, HPLC-DAD was employed for the identification and quantification of various polyphenolic compounds. Table 2 provides the experimental parameters utilized for extract preparation and the corresponding measured responses. The TPC values ranged from 48.12 to 117.86 mg GAE/g dw, indicating a variance of up to 144.93% among the samples. In Figure 2, a comparison between the observed and predicted responses (TPC, mg GAE/g dw) in the optimization of the extraction process of C. creticus from aqueous solutions is depicted. As shown in plot A, the predicted value has a positive correlation with the actual one, while the p-value is 0.0014 and the R2 (R square) has a value of 0.98, which enhances the validity of this result. It is evident that the highest TPC values occurred at design points 4, 7, and 12, where it appears that the higher liquid-to-solid ratio has a significant effect on the extraction of polyphenols. The extraction temperature seems to have an equally important role in increased polyphenol recovery. A temperature of at least or above 50 °C is considered necessary. These results are further verified below, as the desirability function for the optimization of the extraction process revealed a positive correlation between the X1 (liquid-to-solid ratio) and X2 (temperature) parameters with TPC. An increase in both, particularly X2, results in an increase in TPC. The correlation between the X3 (time) parameter and TPC appears to be low. However, it appears that the influence of X3 on TPC becomes more noticeable at shorter or longer time durations, while intermediate time durations do not significantly impact the response. These findings are also supported by the three-dimensional graphs in Figure 3. Once again, the positive correlation between X1 and X2 is highlighted, while in plot C, it is obvious that a shorter time duration and a high temperature result in higher TPC values. The desirability function (with a value of 0.9864) revealed that the optimal conditions for the maximum TPC recovery were a liquid-to-solid ratio of 48 mL/g at 76 °C for 41 min.




3.2. Optimal Extract Analysis


After the optimization of the extraction, various analyses were performed on the optimum extract to evaluate its polyphenol and flavonoid contents, as well as its antioxidant capacity. The results of the analyses are reported in Table 3. The TPC was 157.17 mg GAE/g dw, a value that is 30% higher than that obtained from the desirability function (Figure 2B). The TPC obtained in our study is ~40% and ~37% higher than the ones obtained by Abu-Orabi et al. [42] and Piluzza and Bullitta [43], who obtained 112.40 and 114.52 mg GAE/g dw, respectively, from C. creticus leaves. Moreover, the TPC determined in our study exceeds by ~138% the one reported by Ghalia et al. [44], who determined 65.99 mg GAE/g dw in C. creticus aerial parts (stems, flowers, and leaves). The total flavonoid value determined in the optimal extract was 2.38 mg QE/g dw, which is in line with Viapiana et al. [45], who determined the flavonoids in Cistus incanus hydromethanolic extracts. The antioxidant capacity of the extract was determined by two assays, FRAP and DPPH. The FRAP method yielded a value of 1258.52 μmol AAE/g dw, which is higher than the values determined in other Cistus plants. More specifically, Hitl et al. [46] found values ~99% and ~96% lower than the one obtained in the present study on aqueous extracts from Cistus salviifolius from two different locations, while Sayah et al. [47] determined FRAP values in aqueous extracts from C. salviifolius and Cistus monspeliensis that were 93.54% and 140.12% lower than ours, respectively.



In Figure 4 an indicative chromatogram of the optimum extract is presented, while Table 4 depicts the compounds identified via HPLC-DAD, along with their concentrations. Compounds denoted as “derivatives” were putatively annotated, based on their chromatographic behavior and UV absorbance patterns. In the Supplementary Materials, we provide the spectra of the compounds we identified in this study. Figure S1 shows the spectral data for each compound, including the maximum wavelength. However, they require further confirmation through more advanced techniques. The results obtained in our research are worth comparing with those from our previous study [31], given that the same analyses were conducted in both cases, in which solvents of increasing polarity were employed to extract bioactive compounds from C. creticus leaves. The same compounds were determined in the aqueous solutions, but since the extraction conditions were not optimized, the concentrations differed between the two studies. More specifically, the 1_myricetin glucoside derivative was quantified in an amount ~17% higher in the present study, while quercetin rhamnoside derivative, 2_quercetin glucoside derivative, and myricetin rhamnoside had higher concentrations after optimization in the present study, by ~19%, ~21%, and ~23%, respectively. Likewise, the luteolin 7-(2′′-p-coumaroylglucoside) and luteolin glucoside derivatives were ~31% and 40% higher, respectively. The greatest increase in the concentration of polyphenols occurred in rutin and the 1_quercetin glucoside derivative, where, in the first case, it was increased by ~84% and, in the second case, by 92%. On both occasions, the most abundant polyphenol was myricetin rhamnoside, followed by the quercetin rhamnoside derivative and 1_myricetin glucoside derivative. Lukas et al. [15] also established myricetin rhamnoside as the most abundant polyphenol in C. creticus plants from different regions. Furthermore, the same research team [15] also identified rutin in the C. creticus plant. Mastino et al. [48] also identified rutin via HPLC-MS in some Cistus plant extracts, such as from C. creticus subsp. creticus, C. creticus subsp. corsicus, and C. creticus subsp. eriocephalus. Moreover, Maggi et al. [22] determined the presence of rutin and myricetin rhamnoside through HPLC-MS in extracts from the C. creticus subsp. eriocephalus aerial parts. Rutin was also present in other Cistus species, such as C. incanus and C. monspeliensis, as reported by Santagati et al. [49]. However, there is a substantial difference between the yield of polyphenols quantified through the Folin-Ciocalteu method and through HPLC analysis. Some other polyphenolic compounds that could account for this difference, according to the literature [9], could be gallocatechin dimer, naringenin, apigenin, quinic acid, catechin, and gallocatechin catechin.




3.3. Analysis of the Enriched Yogurt Samples


The optimal extract of C. creticus was added to the yogurt desserts at three different ratios, namely, 0.01, 0.05, and 0.1% w/v. As a preliminary step, aqueous solutions of the extract at the three abovementioned concentrations were prepared and examined for their antioxidant properties. Table 5 provides the antioxidant characteristics (YTP, YTFn, PR, AAR) of the three aqueous extracts. In each case, the antioxidant properties were statistically different (p < 0.05), with the highest concentration exhibiting the greatest activity in each case. It is seen that in the lowest added concentration of the extract, no flavonoids were detected.



The physicochemical properties of yogurt enhanced with the C. creticus dry extract in various concentrations (C: control, E1: 0.01% extract, E2: 0.05% extract, and E3: 0.1% extract) at days 1, 10, and 21 are displayed in Table 6. Regarding the syneresis, it appears that the degree of syneresis in yogurt desserts decreased as the concentration of the added extract increased. This is a desirable result as syneresis negatively affects the acceptance level of the yogurt dessert among consumers [36]. Additives can function as stabilizers to decrease the level of syneresis in yogurt desserts. Essentially, they elevate the overall solid content of the yogurt dessert mixture, in order to reduce syneresis by around 14% w/w [36,50]. The C and the E1 exhibited considerable differences (p > 0.05) among the samples. Both E2 and E3 yogurts showed a low syneresis degree (p < 0.05) from day 1 to day 10 but their syneresis degree did differ (p > 0.05) from day 10 to day 21. Enhancing the water-holding capacity of yogurt desserts has been proven to reduce their susceptibility to syneresis during storage [51]. Regarding the water-holding capacity, the only significant difference (p > 0.05) occurred on the 21st day among the different yogurts. It appeared that the higher extract concentration enhanced the water-holding capacity of the yogurt more than the other ones [36]. In general, it seems that the C. creticus extract positively influenced the water-holding capacity, reducing the degree of syneresis. E3, in particular, showed several improved characteristics compared to the C sample.



The lactose content of the yogurts was also affected by enriching the yogurts with the optimal extract. As anticipated, the lactose concentration declined in all yogurt desserts during the storage period [52]. The concentration of microorganisms added to the yogurt dessert did not show a statistically significant difference with the addition of the leachate and the passage of days. Moreover, in the C sample, there were statistically significant differences (p > 0.05) in lactose content on all three different sampling days, which is not the case with the enriched yogurts. The two higher concentrations contributed to the delay in the rate of lactose decomposition from lactic acid bacteria in the enriched samples. The pH value showed slight differences (p < 0.05) within all samples. The pH was minimally affected by the addition of different concentrations of C. creticus optimal extract since on day 1, all samples had close pH values (4.22–4.24), on day 21, they had values between 3.89–3.97, while on day 21, little alteration was observed in the pH values (varying from 3.77 to 3.89). This was also the case in the work published by Sanz et al. [53], who used functional asparagus fiber extracts to enrich yogurt samples. Furthermore, Akalan et al. [54] reported that yogurt desserts enriched with stevia extracts exhibited lower pH values throughout the storage period. The acidity of all tested yogurt desserts increased progressively with time. This increase in acidity during storage may be attributed to the conversion of lactose into lactic acid by lactic acid bacteria [55,56].



The TPC of the samples had significant statistical differences (p > 0.05) in all samples on all days. While the C yogurt on the 1st day had a TPC of 1.46 mg GAE/100 g, the E1, E2, and E3 yogurts had ~120, ~1035, and ~2042% higher TPC, respectively. On the 10th day, the TPC yields of E1, E2, and E3 differed from C by ~98, ~991 and ~2164%. On the 21st day, the yields were ~51, ~1043, and ~2531% higher than the control sample. Flavonoids have been identified in only the E2 and E3 yogurt samples. In E2, no flavonoids were measured on day 21, and the values on days 1 and 10 showed a statistically significant difference (p > 0.05). E3 exhibited significant differences (p > 0.05) on all three sampling days. The antioxidant capacity of the yogurts was determined by both the FRAP and DPPH methods, and the results of the two tests were similar to one another. There were statistically significant differences, not only between the four yogurts on the three different sampling days but also between the values of the same yogurt measured on the three different sampling days. In both cases, E3 showed the highest antioxidant capacity of all the yogurts. Marchiani et al. [52], who enriched yogurt with grape pomace, established that the enriched yogurts exhibited higher TPC and TFC values and greater antioxidant capacity than the control.



It is safe to conclude that the enrichment of yogurt with C. creticus improves both the physicochemical characteristics of yogurt and its antioxidant capacity, especially at higher concentrations of the added extract. During the storage period of the yogurts, the optimal extract not only helped to reduce the degree of syneresis and lactose degradation to lactic acid, enhancing the water-holding capacity and lowering the acidity of the yogurts, but they also exhibited higher antioxidant capacity.




3.4. Principal Component Analysis (PCA)


PCA was utilized to perform a more complete analysis of the data and to obtain further information from the variables. The point was to investigate the potential correlation between various concentrations of C. creticus extracts and their TPC, TFC, FRAP assay, and DPPH radical scavenging activity. Additionally, it was intended that we examine the correlation of the physicochemical characteristics of the yogurt, including syneresis, water-holding capacity, and lactose concentration. Figure 5 illustrates the determination of two primary components, which collectively explain ~92% of the variance, as indicated by their eigenvalues. PC1 represented ~68% of the variance, while PC2 accounted for ~24% of the variance. Variables such as PR, AAR, YTP, YTFn, lactose, pH, and water-holding capacity exhibited positive correlations with the principal component 1 (PC1). In contrast, an inverse relationship was observed between PC1 and syneresis. Similarly, a significant positive correlation was observed between PC2 and the variables of syneresis, PR, AAR, YTP, and YTFn. Furthermore, a negative correlation was observed between syneresis and pH, water-holding capacity, and lactose. One last point of equal interest concerns the relative placement of the yogurt samples enriched with different concentrations (0.01, 0.05, and 0.1% w/v) of the optimum extract. The control sample after 21 days was close to syneresis, while the 0.1% w/v-enriched yogurt (1, 10, and 21 days) was close to PR, AAR, YTP, and YTFn, especially on day 10. All the enriched yogurt dessert samples were placed far from the syneresis factor.





4. Conclusions


In this study, the optimal conditions for the extraction of polyphenols and flavonoids, from C. creticus leaves were explored. The optimal conditions were determined by RSM and were a liquid-to-solid ratio of 48 mL/g at 76 °C for 41 min. The optimum extract yielded TPC 157.17 mg GAE/g dw and TFC 2.38 mg QE/g dw, while the FRAP and DPPH values were 1258.52 and 933.67 μmol AAE/g dw, respectively. Under optimal conditions, three different ratios were chosen to be added to the yogurt during the sample preparation. Based on the findings, it appears that a concentration of 0.1% w/v of the extract proved to be the most appropriate for yogurt enrichment. This concentration resulted in enhanced antioxidant capacity. Furthermore, the physicochemical characteristics of the yogurts were improved. More specifically, the addition of 0.1% w/v C. creticus extract to yogurt contributed to increasing the water-holding capacity of yogurt and consequently reduced the degree of syneresis, making the food more stable for a longer period. This could contribute to the longer shelf-life of the yogurt dessert. In addition, its addition helped reduce the rate of pH reduction, making yogurt desserts less acidic over the passing days. Finally, yogurt enriched with this concentration exhibited a stronger antioxidant activity compared to the other yogurt desserts. The findings of this study indicate that C. creticus leaf extracts have the potential to serve as a viable and secure source of antioxidants in regular dietary intake. They also serve as a good food additive as they add beneficial health properties to yogurt desserts. In the future, the extracts could be further utilized to enrich other foods, such as juices, creams, biscuits, cereal bars, and even various beverages. Furthermore, green techniques such as microwave-assisted extraction, pulsed electric field extraction, cloud point extraction, and ultrasound-assisted extraction, etc., could be investigated as possible techniques that can be utilized for the extraction of bioactive compounds from the leaves of C. creticus, or even other plants, for the enrichment of various foods.
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Figure 1. A typical C. creticus plant. 
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Figure 2. Plot (A) displays the actual versus the predicted response (TPC, mg GAE/g dw) for the optimization of the extraction of C. creticus, performed with water solutions. The inset tables provide statistics related to the evaluation of the resulting model. Values in color and with asterisks are statistically significant. The desirability function for the optimization of the extraction of C. creticus performed with water solutions is displayed in Plot (B). 
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Figure 3. Three-dimensional graphs depicting the effect of the process variables considered on the response (TPC, mg GAE/g dw) for the optimization of the extraction of C. creticus performed in water solutions. Plot (A) shows the covariation of X1 (R, mL/g) and X2 (T, °C); plot (B) shows the covariation of X1 (R, mL/g) and X3 (t, min); plot (C) shows the covariation of X2 (T, °C) and X3 (t, min). 
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Figure 4. Representative chromatogram at 360 nm for the optimum C. creticus aqueous extract. A gradient elution program was applied, as described in Section 2.8. 1: luteolin glucoside derivative, 2: 1_myricetin glucoside derivative, 3: myricetin rhamnoside, 4: 1_quercetin glucoside derivative, 5: rutin, 6: 2_quercetin glucoside derivative, 7: quercetin rhamnoside derivative, 8: 2_myricetin glucoside derivative, and 9: luteolin 7-(2′′-p-coumaroylglucoside). 
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Figure 5. Principal component analysis (PCA) for the measured variables. The inset table includes the eigenvalues. Asterisks and colored values denote statistically significant values. 
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Table 1. Optimization of the process by incorporating both the coded and actual levels of the independent variables.
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Independent Variables

	
Coded Units

	
Coded Levels




	
−1

	
0

	
1






	
Liquid-to-solid ratio (mL/g)

	
X1

	
20

	
35

	
50




	
T (°C)

	
X2

	
20

	
50

	
80




	
t (min)

	
X3

	
30

	
90

	
150











 





Table 2. The experimental results for the four investigated independent variables and the responses of the dependent variable (TPC).
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Design Point

	
Independent Variables

	
Response (TPC, mg GAE/g dw)




	
X1 (Liquid-to-Solid Ratio, mL/g)

	
X2 (T, °C)

	
X3 (t, min)

	
Actual

	
Predicted






	
1

	
−1 (20)

	
−1 (20)

	
0 (90)

	
74.01

	
68.89




	
2

	
−1 (20)

	
1 (80)

	
0 (90)

	
50.07

	
49.32




	
3

	
1 (50)

	
−1 (20)

	
0 (90)

	
52.50

	
53.25




	
4

	
1 (50)

	
1 (80)

	
0 (90)

	
112.22

	
117.34




	
5

	
0 (35)

	
−1 (20)

	
−1 (30)

	
71.08

	
69.93




	
6

	
0 (35)

	
−1 (20)

	
1 (150)

	
59.15

	
64.68




	
7

	
0 (35)

	
1 (80)

	
−1 (30)

	
115.59

	
110.07




	
8

	
0 (35)

	
1 (80)

	
1 (150)

	
67.90

	
69.06




	
9

	
−1 (20)

	
0 (50)

	
−1 (30)

	
102.24

	
108.52




	
10

	
1 (50)

	
0 (50)

	
−1 (30)

	
96.64

	
97.04




	
11

	
−1 (20)

	
0 (50)

	
1 (150)

	
48.12

	
47.72




	
12

	
1 (50)

	
0 (50)

	
1 (150)

	
117.86

	
111.58




	
13

	
0 (35)

	
0 (50)

	
0 (90)

	
62.25

	
63.56




	
14

	
0 (35)

	
0 (50)

	
0 (90)

	
64.42

	
63.56




	
15

	
0 (35)

	
0 (50)

	
0 (90)

	
64.02

	
63.56











 





Table 3. Extraction yields and antioxidant characteristics of the optimum C. creticus aqueous extract.






Table 3. Extraction yields and antioxidant characteristics of the optimum C. creticus aqueous extract.





	Parameters
	Optimum Aqueous Extract





	YTP (mg GAE/g dw) 1
	157.17 ± 10.37



	YTFn (mg QE/g dw) 2
	2.38 ± 0.14



	PR (μmol AAE/g dw) 3
	1258.52 ± 36.5



	AAR (μmol AAE/g dw) 3
	933.67 ± 52.29







1 GAE (gallic acid equivalents); 2 QE (quercetin equivalents); 3 AAE (ascorbic acid equivalents).













 





Table 4. The quantitative data on the major polyphenols detected in the optimum C. creticus aqueous extract.






Table 4. The quantitative data on the major polyphenols detected in the optimum C. creticus aqueous extract.











	A/A
	Identified Polyphenol
	Maximum Wavelength

(nm)
	Optimum Aqueous Extract (mg/g)





	1
	Luteolin glucoside derivative
	272
	0.28 ± 0.02



	2
	1_Myricetin glucoside derivative
	264
	3.27 ± 0.1



	3
	Myricetin rhamnoside
	262
	16.36 ± 0.44



	4
	1_Quercetin glucoside derivative
	265
	0.05 ± 0



	5
	Rutin
	267
	0.08 ± 0



	6
	2_Quercetin glucoside derivative
	267
	0.64 ± 0.05



	7
	Quercetin rhamnoside derivative
	262
	5.47 ± 0.17



	8
	2_Myricetin glucoside derivative
	268
	0.41 ± 0.02



	9
	Luteolin 7-(2”-p-coumaroylglucoside)
	310
	0.55 ± 0.02



	
	Total identified polyphenols
	
	27.09 ± 1.34







Values are expressed as the mean values of triplicates (± standard deviation).













 





Table 5. Extraction yields and antioxidant characteristics of the optimum C. creticus aqueous extract equivalent to extract enrichment rates in yogurts.
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Parameters

	
w/v % Optimum Aqueous Extract




	
0.01

	
0.05

	
0.1






	
YTP (mg GAE/100 mL) 1

	
3.38 ± 0.09 c

	
17.03 ± 0.7 b

	
34.08 ± 1.19 a




	
YTFn (mg QE/100 mL) 2

	
-

	
0.25 ± 0.02 b

	
0.51 ± 0.02 a




	
PR (μmol AAE/100 mL) 3

	
22.08 ± 0.6 c

	
110.1 ± 7.71 b

	
219.57 ± 12.74 a




	
AAR (μmol AAE/100 mL) 3

	
16.81 ± 0.62 c

	
82.82 ± 2.32 b

	
165.18 ± 9.42 a








Values are expressed as the mean values of triplicates (±standard deviation). Within each row, statistically significant differences (p < 0.05) are denoted by different superscript letters (e.g., a–c). 1 GAE (gallic acid equivalents); 2 QE (quercetin equivalents); 3 AAE (ascorbic acid equivalents).













 





Table 6. Physicochemical properties of yogurt enhanced with C. creticus dry extract at different concentrations.
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Parameters

	
Treatments

	
Storage Period




	
1 Day

	
10 Days

	
21 Days






	
Syneresis (% w/w)

	
Control

	
60.58 ± 2.06 A,c

	
73.58 ± 2.35 A,b

	
90.58 ± 2.9 A,a




	
0.01%

	
56.05 ± 1.35 A,c

	
66.18 ± 3.9 A,B,b

	
83.64 ± 3.76 A,B,a




	
0.05%

	
58.78 ± 4.06 A,b

	
64.02 ± 1.98 B,b

	
77.64 ± 4.66 B,a




	
0.10%

	
58.06 ± 1.22 A,b

	
63.46 ± 3.11 B,a,b

	
67.86 ± 2.38 C,a




	
Water holding

capacity (% w/w)

	
Control

	
85.4 ± 6.41 A,a

	
72.5 ± 3.99 A,b

	
65.2 ± 1.43 C,b




	
0.01%

	
86.8 ± 3.39 A,a

	
74.2 ± 2.52 A,b

	
71.1 ± 1.49 B,b




	
0.05%

	
87.2 ± 5.76 A,a

	
75 ± 4.5 A,b

	
72.7 ± 2.04 B,b




	
0.10%

	
90.3 ± 5.6 A,a

	
80.2 ± 2.73 A,b

	
78.9 ± 2.37 A,b




	
Lactose (% w/w)

	
Control

	
3.53 ± 0.13 A,a

	
3.04 ± 0.17 B,b

	
2.54 ± 0.12 B,c




	
0.01%

	
3.67 ± 0.07 A,a

	
3.22 ± 0.24 A,B,b

	
2.98 ± 0.17 A,b




	
0.05%

	
3.71 ± 0.22 A,a

	
3.41 ± 0.25 A,B,a,b

	
3.12 ± 0.15 A,b




	
0.10%

	
3.82 ± 0.29 A,a

	
3.68 ± 0.12 A,a,b

	
3.29 ± 0.12 A,b




	
pH

	
Control

	
4.22 ± 0.19 A,a

	
3.89 ± 0.2 A,a

	
3.77 ± 0.26 A,a




	
0.01%

	
4.23 ± 0.27 A,a

	
3.97 ± 0.12 A,a

	
3.85 ± 0.13 A,a




	
0.05%

	
4.24 ± 0.22 A,a

	
3.98 ± 0.22 A,a

	
3.88 ± 0.17 A,a




	
0.10%

	
4.24 ± 0.29 A,a

	
3.97 ± 0.28 A,a

	
3.89 ± 0.28 A,a




	
YTP (mg GAE1/100 g)

	
Control

	
1.46 ± 0.05 D,a

	
1.15 ± 0.03 D,b

	
0.74 ± 0.05 D,c




	
0.01%

	
3.21 ± 0.07 C,a

	
2.25 ± 0.11 C,b

	
1.12 ± 0.05 C,c




	
0.05%

	
16.52 ± 0.93 B,a

	
12.55 ± 0.72 B,b

	
8.64 ± 0.64 B,c




	
0.10%

	
31.28 ± 2.03 A,a

	
26.04 ± 1.25 A,b

	
19.47 ± 1.34 A,c




	
YTFn (mg QE2/100 g)

	
Control

	
-

	
-

	
-




	
0.01%

	
-

	
-

	
-




	
0.05%

	
0.21 ± 0.01 B,a

	
0.15 ± 0.01 B,b

	
-




	
0.10%

	
0.47 ± 0.01 A,a

	
0.39 ± 0.01 A,b

	
0.26 ± 0.02 c




	
PR (μmol AAE3/100 g)

	
Control

	
3.08 ± 0.22 D,a

	
2.45 ± 0.18 D,b

	
1.74 ± 0.07 D,c




	
0.01%

	
21.04 ± 1.14 C,a

	
16.65 ± 0.95 C,b

	
12.35 ± 0.9 C,c




	
0.05%

	
105.25 ± 7.47 B,a

	
90.25 ± 2.35 B,b

	
74.65 ± 4.11 B,c




	
0.10%

	
211.36 ± 7.19 A,a

	
189.36 ± 12.69 A,a

	
165.37 ± 4.63 A,b




	
AAR (μmol AAE/100 g)

	
Control

	
2.44 ± 0.17 D,a

	
1.85 ± 0.06 D,b

	
1.11 ± 0.05 D,c




	
0.01%

	
15.65 ± 1.11 C,a

	
12.36 ± 0.51 C,b

	
9.36 ± 0.66 C,c




	
0.05%

	
80.25 ± 3.21 B,a

	
67.85 ± 4.14 B,b

	
55.54 ± 2.22 B,c




	
0.10%

	
161.36 ± 11.3 A,a

	
142.35 ± 7.26 A,a,b

	
124.87 ± 3.12 A,b








Values are expressed as the mean values of triplicates (±standard deviation). Within each column and parameter, statistically significant differences (p < 0.05) are denoted with different capital letters (e.g., A–D). Within each row, statistically significant differences (p < 0.05) are denoted with different small letters (e.g., a–c). 1 GAE (gallic acid equivalents); 2 QE (quercetin equivalents); 3 AAE (ascorbic acid equivalents).
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