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Abstract: 

Background: The stems of Opuntia ficus-indica, known as cladodes, are a rich source of soluble fibers, which make them an important candidate for the production of functional foods. Tagliatelle of durum wheat fortified with Opuntia cladode extract (OCE) at different levels of addition (10-30%, v:w) were prepared on a laboratory scale and quality characteristics and sensory acceptability assessed.
Results: Main quality parameters (OCT, swelling index, cooking loss, dry matter) and sensory analysis at 9-points hedonic scale were comparable with those of control pasta sample (no added OCE) when durum wheat was supplemented with OCE up to 20% (v/w). Performing an in vitro human simulated gastro-intestinal digestion in the presence of cholesterol or its main dietary oxidized derivative, 7-ketocholesterol, it was ascertained that OCE-fortified pasta strongly reduced the bioaccessibility of both the sterols, the higher the incorporated OCE level, the higher the effect. Moreover the extent of starch digestion decreased with increasing levels of OCE. 
Conclusion: Our study indicates that OCE-fortified pasta could own healthy properties such as blood cholesterol- and glucose-lowering capability.
Keywords: Functional food, Opuntia cladode extract, in vitro digestion, sterols bioaccesibility.


1. Introduction
Dietary fiber generally refers to carbohydrate polymers (i.e. cellulose, hemicellulose, pectin, lignin and gums) with 10 or more monomeric units1,2 that are resistant to digestive enzymes in the human small intestine. Several healthy effects are associated with their intake, such as decrease of blood cholesterol level, control of glycemia and reduction of risk of colon cancer,3 cardiovascular diseases and obesity.4 The average intake of fiber is approximately 15 g per day,5 although since 1989 an increase of up to 25-30 g per day had been advised by the National Cancer Institute,6 through consumption of legumes, vegetables, fruits and cereals. Nowadays a consolidated strategy of the food industry is the incorporation of fiber into conventional food formulations to improve their functional value. Pasta is an important starchy staple food widely consumed all over the world and many studies are focused on supplementing durum wheat semolina with different sources of fibers as barley, sweet potatoes, oat, soy and pea.7-11 The market in this field is competitive and the current trend is finding new sources of fibers such as agricultural by-products which have been traditionally undervalued. The stems of Opuntia ficus indica, known as cladodes, are a natural concentrate of fiber which make them important candidates for the production of functional food. They are particularly rich in soluble fiber as a mucilage of several sugar residues such as arabinose, galactose, rhamnose, xylose and galacturonic acid.12 The powder obtained after dehydration of the cladodes is known as cactus pear flour.13 Attempts to fortify some foods such as vegetable soups and gelled desserts with this flour were made, but any addition higher than 20% negatively affected the texture quality of the product.14-16 When incorporated in baked products such as bread or cookies, cladodes flour (at 2.5-5%, w:w) contributed to the antioxidant properties and oxidative stability of the products without having any negative effect on their sensory acceptability.17,18 Some international patents19-21 describe the preparation of pasta enriched with Opuntia flour, but quality and texture issues of the product, such as easy break up after cooking and losing shape and structure, have been reported.20 In addition to the cladode flour, an Opuntia cladode extract (OCE), obtained by a mechanical press system of fresh cladodes, is also commercialized and complete structural characterization of the mucilage constituents has been reported.22 A few studies have focused on incorporation of OCE in durum wheat semolina for preparation of noodles or pasta23 but no systematic investigation on quality characteristics and functional properties of the fortified products were reported. 
In this pilot study tagliatelle enriched with increasing amounts of OCE that replaced water in the dough, were prepared to investigate the influence of the incorporated fibers on quality and sensory properties of the pasta. Moreover, bioaccessibility of cholesterol (Ch) and its main dietary oxidized derivative, 7-ketocholesterol (7-KC), as well as starch digestibility were also assessed performing an in vitro human simulated gastro-intestinal co-digestion to evaluate its functional properties. 

2. Materials and Methods
2.1 Chemicals
Unless stated otherwise, all chemicals and Cholesterol Quantitation Kit (cat. n. MAK043) were purchased from Sigma-Aldrich. Total dietary fiber and D-glucose (GOPOD format) assay kits were purchased from Megazyme International Ireland Ltd. (Wicklow, Ireland). Solvents were reagents or HPLC grade.

2.2 Raw materials
Opuntia cladode extract (OCE), as an aqueous solution, was supplied by BIONAP srl Bioactive Natural Products (Belpasso, Catania, Italy). The fiber content in the OCE, preliminarily evaluated according to Approved Method 32-05.0124 using the total dietary fiber assay kit, accounted for 10% (w/v). Durum wheat semolina (Poiatti S.p.A., Italy) and fresh eggs were purchased from a local market. The starch content of semolina declared by the manufacturer was 70.4%.

2.3. Pasta preparation
Tagliatelle samples were prepared using a pasta maker (Pastamatic, Simac 1400N, Treviso, Italy), equipped with a bronze head. Durum wheat semolina (100 g) was mixed with 30 ml of distilled water in the pasta maker and kneaded for 20 minutes before extrusion (PC-pasta control). In fortified pasta samples, 10, 20 or 30 ml OCE substituted the relevant amount of water in the dough and denoted as P10%, P20% and P30%, respectively. Pasta samples were dried for 48 h at 25 °C. Dried pasta was portioned and stored in sealed bags at room temperature until use within three months.

2.4 Pasta quality evaluation
2.4.1. Colour
The colour of raw and cooked tagliatelle was evaluated according to the methodology reported by Majzoobi et al.25 A Samsung digital camera (ST65) (Samsung Electronics Co, Ltd, China) was installed at a distance of 30 cm from the sample surface. A light source and the camera were placed in a box (50 x 45x 50 cm) with interior white walls. The angle between the axis of the camera lens and the sample surface was 90°. The angle between the sample surface and the light source was 45°. Illumination was achieved using a 10 Watts fluorescent light lamp. The digital images of samples were saved in JPEG format and analyzed using Photoshop (version 8) to obtain colour specifications of the samples. The L value- ranging from zero (black) to 100 (white)- was measured as an indication of the lightness (brightness). The a value is the function of the redness-greenness: positive a values indicate redness while negative values indicate greenness. The b value indicates blueness-yellowness: positive b values are related to yellowness while negative values to blueness. 

2.4.2. Size parameters
Tagliatelle thickness was measured using a digital micrometer (Mitutoyo Italiana srl, Lainate, Italy) at two different locations in each of twenty specimens.

2.4.3. Cooking conditions and optimal cooking time determination
Tagliatelle (10 g) were cooked in 125 ml of distilled water. Every 30 s during cooking, one tagliatella sample was withdrawn, cut in half widthwise, and squeezed between two transparent glass slides, in accordance with the Approved Method 66-50 by the American Association of Cereal Chemistry.26 The point of time at which the starch core completely disappeared, was recorded as the optimal cooking time (OCT). 

2.4.4. Cooking loss
The Cooking Loss (CL), the amount of solid substance lost in cooking water, was determined according to Approved Method 66-50.01.26 Tagliatelle were cooked at OCT and the cooking water was collected in an aluminum vessel, placed in an air oven at 105 °C, and evaporated until a constant weight was reached. The residue was weighed and, after correction for tara, reported as a percentage of the starting material. 
 
2.4.5. Dry matter
The moisture of uncooked tagliatelle and the dry matter of cooked pasta at OCT were evaluated according to Approved Method 44-15A.26

2.4.6. Swelling index
The swelling index of cooked pasta (grams of water per gram of dry pasta) was calculated in accordance with the procedure established by Cleary & Brennan.27 A sample of tagliatelle (10 g) was cooked at OCT, the cooking water was discarded, and pasta was dried at 105 °C until a constant weight was reached. The swelling index was expressed as


2.5. In vitro human digestion model
Simulated in vitro digestion which mimics physicochemical and biochemical changes that occur in the upper GI tract was performed (n=6) as described in Tesoriere et al.28 with the exception that a buffered pH 6.8 solution simulating saliva was prepared using NaCl (0.126 g), KCl (0.964 g), KSCN (0.189 g), KH2PO4 (0.655 g), urea (0.200 g), Na2SO4·10H2O (0.763 g), NH4Cl (0.178 g), CaCl2·2H2O (0.228 g) and NaHCO3 (0.631 g) in 1 L of distilled water.29
Tagliatelle (10 g) were cooked at OCT as reported above. Buffer solution simulating saliva (60 ml) was added to the sample and homogenized in a laboratory blender (Waring, New Hartford, CT) for 2 min (oral phase, PO). After acidification to pH=2.0 with HCl, porcine pepsine (8 mg/ml; 3200-4500 U/mg protein) was added (gastric phase). The bottle was sealed and incubated in a water bath (type M 428-BD, Instruments s.r.l., Bernaggio, Mi, Italy) with shaking (100 rpm), at 37 °C for 2 h. Then, 200 mM NaH2PO4 /Na2HPO4 buffer (18 ml) and 5M NaOH were added to a final pH= 7.5 (80 mL total volume). Porcine bile extract (2.4 mg/ml) and pancreatin (0.4 mg/ml with amylase activity >100 units/mg) were added (intestinal phase). The bottle was sealed and incubated in the shaking water bath at 37 °C for 2 h to obtain post-intestinal digesta (PI). The digestion was stopped by immersion in boiling water. 

2.5.1 Ch and 7-KC bioaccessibility
Bioaccessibility of Ch or 7-KC was determined after in vitro digestion process carried out adding Ch (40 mg), fresh egg yolk (2.0 g) or 7-KC (1 mg) to PO fraction of the samples. Digesta were collected after the small intestinal stage and centrifuged at 167000 g for 35 min at 4 °C in a Beckman Optima TLX ultracentrifuge, equipped with an MLA-55 rotor (Beckman Instruments, Inc., Palo Alto, CA). Ch solubilized in PI supernatant (bioaccessible fraction) was spectrophotometrically determined at 570 nm utilizing Cholesterol Quantitation Kit. 7-KC was extracted from PI supernatant (1 ml) with four volumes of methanol:hexane mixture (1:3 v/v) and analysed by HPLC using a cyano-bonded column (Luna 5 μm, 250x4.6 mm; Phenomenex) equipped with a CN-guard cartridge (2.0x4.0 mm; Phenomenex) and hexane flowing at 1ml/min.30 7-KC was detected spectrophotometrically at 234 nm. The calibration curves were made with 5–100 ng of the pure compound; quantification was performed by relating the amount of the compound under analysis to the peak area.

2.5.2  Starch digestibility
Pasta samples were subjected to in vitro digestion as reported above, except that, during the intestinal phase, 1 mL aliquots of digesta were removed after 20, 80 and 120 min from the addition of pancreatin, and transferred into tubes immersed in boiling water for 15 min to arrest enzymatic digestion. After ultracentrifugation as above reported, amount of glucose solubilized in the PI supernatant was spectrophotometrically determined at 510 nm utilizing D-glucose assay kit (GOPOD Format) (Megazyme International, Ltd). Starch digestibility is expressed as mg glucose/g initial starch.  

2.6 Sensory evaluation
Control pasta and P10%, P20% and P30% tagliatelle were cooked at OCT and presented to a consumer panel consisting of 17 members (12 female, 5 male, aged 24-70, among which 13 non-smoking and 4 smoking), according to the ISO standard (6658:2005E) as a general guidance for sensory assessment. Panelists were asked to evaluate the tagliatelle for the following acceptability paremeters: smell, taste, texture and overall quality. A nine-point hedonic scale was used for sensory attributes evaluation, wherein: (1) extremely unpleasant, (2) very unpleasant, (3) moderately unpleasant, (4) slightly unpleasant, (5) neither pleasant nor unpleasant, (6) slightly pleasant, (7) moderately pleasant, (8) very pleasant, (9) extremely pleasant.

2.7 Statistical analysis
Results are given as mean±SD of n independent experiments carried out in triplicate. Statistical comparisons were made using one-way ANOVA test, with Tukey correction for multiple comparisons by Instat-3 statistical software (GraphPad Software Inc., San Diego, CA, USA). In all cases, significance was accepted if the null hypothesis was rejected at the p<0.05 level.

3. Results and discussion 
In this study tagliatelle pasta incorporating increasing levels of fiber from Opuntia cladodes were made in a laboratory-scale procedure replacing water in the dough with OCE. According to the supplementation of durum wheat with cladode extract (v/w), fortified tagliatelle were denoted as P10%, P20% and P30% and compared with a control (no added OCE, Pc) in terms of quality characteristics, in vitro cholesterol-and glucose- lowering potential and sensory acceptability.

3.1 Quality characteristics of OCE-fortified tagliatelle
Quality characteristics of uncooked tagliatelle are reported in Table 1.

TABLE 1. Quality characteristics of raw tagliatelle from durum wheat semolina (control, Pc) or 
                   fortified with increasing levels of OCE (P10%, P20%, P30%).



In comparison to control pasta, fortification of semolina with increasing amount of OCE produced a slight progressive reduction of the lightness (L parameter) and a shift of the colour of tagliatella from red to blue, as indicated from an increase of a value with a concomitant reduction of b parameter. In addition, although the inclusion of fiber of OCE in the dough did not influence the width of the tagliatella, its thickness and moisture decreased of about 30% whatever the fiber level was. Overall, incorporation of OCE in semolina did not cause a noticeable deterioration in the characteristics of uncooked tagliatelle.

TABLE 2. Quality characteristics of cooked tagliatelle from durum wheat semolina (control, Pc) or   
                   fortified with increasing levels of OCE (P10%, P20%, P30%).




After cooking, in comparison with control pasta, tagliatelle fortified with fiber from Opuntia cladodes showed a reduction of the lightness and a shift of the colour toward blue quite similar to those detected in raw samples (Table 2). Cooking time is an important factor for the quality of pasta and fortification of semolina with OCE did not modify the time at which the centre of tagliatella was fully hydrated.  However the swelling index, an indicator of the water absorption during cooking, was lower than the value measured for control pasta, without any significant difference among the samples with different fiber levels. Opuntia mucilage may be able to encapsulate starch retarding its rate of swelling conferring an increased firmness to pasta. A similar behavior was also reported from Brennan et al.31 in their study on inulin enriched pasta. 
Cooking loss is a parameter of the content and quality of the protein component of the pasta. A continuous protein network is essential in the entrapment of carbohydrates in order to obtain pasta of good cooking quality.32 P10% and P20% tagliatelle did not show cooking loss values significantly different from control pasta, indicating that the starch-protein matrix retained its integrity during cooking. Conversely, P30% showed a 15% rise of the value, indicating a slight loss of continuity of the protein network. However, considering that values of cooking loss lower than 7% are acceptable for a good quality pasta,33 OCE-fortified tagliatelle can be considered as a good quality product. Moreover, dry matter values were comparable with those measured for control pasta (p>0.05) indicating a non-significant loss of organic matter during the cooking.

3.2 Functional properties of OCE-fortified tagliatelle
In folk medicine Opuntia cladodes are used to treat hyperlipidemia and obesity34 and influence of the plant fiber on lipid digestion and trapping in the small intestine has been considered among the possible mechanisms underlying the blood cholesterol lowering efficacy.35
A simulated digestion of OCE-fortified tagliatelle in the presence of cholesterol was carried out in order to investigate the effect of the incorporated fiber on the bioaccessibility of the sterol. We added to the digestion process of pasta either pure cholesterol or egg yolk as a usual and rich dietary source of free cholesterol.36 Our in vitro digestion procedure, in which 10 g of pasta with either 40 mg Ch or 2 g of egg yolk are processed in a total volume of 80 mL, is consistent with physiological conditions of weight/volume ratio, since a daily average serving of pasta (80 g) and Ch (300 mg),37 or egg yolk (16 g) are considered dispersed in a total digestive volume of 640 ml.38

TABLE 3. Bioaccessibility of Ch and 7-KC after co-digestion of tagliatelle from durum wheat 
                  semolina (control, Pc) or fortified with increasing levels of OCE (P10%, P20%, P30%).  



Data collected proved that, when compared to control pasta, OCE-fortified tagliatelle produced a remarkable reduction of Ch recovered in the bioaccessible fraction of the PI digesta, dependent by the percentage of incorporated extract (Table 3). It is impressive that upon the addition of 10% of OCE in the dough, only 29-30% of the initially co-digested cholesterol, either pure or as component of a complex organic matrix like egg yolk, was detectable. Furthermore, increasing levels of fiber produced a progressive significant decrease of Ch bioaccessibility, whose value reached about 22% of the control after co-digestion with tagliatella P30%. Our findings are in agreement with data reported by Chong et al.39 about the capacity of Opuntia ficus-indica cladode powder to encapsulate dietary fat, restraining them in the small intestine and reducing their absorption. 
Ch oxidation products, named oxysterols, are cytotoxic compounds that may be generated in cells and tissues and are at least in part absorbed from the diet.40 As derivatives from processing of Ch-containing foodstuff, they account for 1-2% of the total dietary Ch, being 7-KC the most representative compound.41,42 Because 7-KC is a highly prooxidant and proinflammatory oxysterol43, we assessed whether OCE-fortified pasta was able to affect its bioaccessibility. When compared with control pasta, co-digestion of 1 mg 7-KC with P10% resulted in a 37% decrement of the partition of the oxysterol in the bioaccessible fraction. Moreover, even in this case, the higher the amount of extract incorporated, the greater the effect, P30% being able to restrain more than 60% of 7-KC in the insoluble fraction (Table 3). Our findings are in agreement with Hur, et al.,44 that demonstrated that several soluble fiber, such as chitosan, pectin, onion powder or green tea powder, can encapsulate cholesterol and its oxidation derivatives, decreasing their concentration in the soluble post-intestinal fraction. However, the capacity of the Opuntia fibers to encapsulate 7-KC appeared lower than that showed for Ch, possibly because of higher polarity of the oxysterol that favors its distribution in the aqueous fraction of the intestinal digesta. As consolidated evidence indicates that 7-KC promotes and sustains inflammation, fibrosis and programmed cell death in a number of cells and tissues,45,46 the capacity of the OCE-fortified pasta to reduce 7-KC bioaccessibility and, as a consequence, absorption by intestinal villi, can represent an important health property of the product. 
A known nutritional benefit of fiber-rich foods is the attenuation of blood glucose and insulin.47 Kinetics of glucose release during in vitro digestion of foodstuffs can be considered a valuable predictive model of in vivo glicemic response.48 We monitored glucose release during in vitro pancreatic digestion of the tagliatelle in order to evaluate the effect of the incorporated Opuntia fiber on starch digestibility (Figure 1).

FIGURE 1. Starch digestibility during in vitro intestinal co-digestion of tagliatelle from durum wheat semolina (control, Pc) or fortified with increasing levels of OCE (P10%, P20%, P30%). Data are the mean  SD of 3 triplicate experiments. Respect to the relevant control, values were significantly different with *p<0.05 or **p<0.01 

With respect to the control, tagliatelle fortified with 10% OCE (P10%) did not produce any significant change in starch digestibility, whereas P20% and P30% reduced the release of glucose at each incubation time. At the end of the digestion process (t=120 min), P20% and P30% were able to decrease the concentration of glucose in the bioaccessible fraction of 16% and 32%, respectively. Our findings indicate that supplementation of durum wheat with OCE ≥ 20% (v/w) may induce changes in the microstructure of the starch granules that significantly impact the ability of digestive enzymes to access the polysaccharide molecules. 
3.3 Sensory quality
Since sensory characteristics are important for the consumer’s acceptance, smell, taste, texture and overall quality of OCE-fortified tagliatelle were evaluated in comparison with control pasta. Results obtained showed that, except for the smell that did not significantly vary among the pasta samples, a decreasing trend of the averages of score was registered when the incorporation of OCE increased (Table 4). Concerning the taste, slight bitter aftertastes was attributed by the panelists at high supplementation level (P30%), in addition to a decrement of the textural features. Overall, although sensory properties of OCE-fortified pasta showed a slight deviation from the properties of the control pasta with the increase of incorporated extract, the overall quality score was in the range between 5 (neither like nor dislike) and 7 (moderately pleasant). 
TABLE 4. Sensory characteristics of tagliatelle from durum wheat semolina (control, Pc) or fortified   
                  with increasing levels of OCE (P10%, P20%, P30%).


4. Conclusions 
In this work, we fortified pasta with Opuntia fibers incorporating increasing amounts of OCE in durum wheat in order to obtain a functional food with healthy properties. Quality parameters (OTC, swelling index, cooking loss, dry matter) and sensory analysis proved to be generally satisfactory and conform to the quality requisites requested for the consumer acceptance when pasta was supplemented with OCE up to 20% (v/w). The present findings highlight the convenience in supplementing durum wheat with aqueous OCE instead of Opuntia flour that it was demonstrated affecting quality and texture issues of the pasta.20 
Our study indicates that OCE-fortified pasta could own healthy properties as blood cholesterol- and glucose- lowering capability since it significantly reduces both the bioaccessibility of the sterol and the starch digestibility. Moreover, as consumption of oxidized lipids is directly related to atherosclerosis and other inflammation-based diseases, addition of OCE to pasta resulting in reduction of 7-KC in the bioaccessible fraction, upgraded the functional characteristics of the product. 
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