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Abstract
The suitability of chickpea, red lentil and green pea for the production of extruded products (i.e., snacks and pasta) was studied. Besides starch and technological properties, the impact of processing on some bioactive compounds was evaluated. The best results were obtained for lentil: the snacks showed the lowest porosity (21%), the highest average pore radius (18.8µm), and high expansion (section area: 310mm2; inner area: 114mm2), while pasta exhibited low cooking loss (5.7 g 100g-1) and high firmness (924N). Extrusion-cooking reduced the soluble phenolic acid content (-45%) and flavonoids (-41%), but increased the cell-wall bound phenolic acids and antioxidant activity. The different pulses did not lead to a marked difference in the antioxidant activity of the extruded products, although the lentil maintained the highest flavonoid content after both processes.
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1. Introduction 
In recent years, the awareness of consumers about the benefits of consuming healthy and nutritious food has increased considerably. Therefore, the food industry is continuously reformulating its products with enhanced nutritional profiles and potentially beneficial effects on human health. In addition, the new emerging food trends and needs, such as gluten-free, vegetarian, vegan, and/or sustainable diets, highlight the need to replace animal proteins with plant-based ones. In such a context, pulses are important vehicles of proteins and bioactive compounds, including dietary fiber, resistant starch (RS), and such phytochemicals as polyphenols (Singh, Singh, Kaur, & Singh, 2017). 
Thanks to their nutritional properties, a large number of pulse-based formulations have been proposed in the last few years, above all in the bakery, snack, and pasta categories (Bresciani, Iametti, Emide, Marti, & Barbiroli, 2022). Snacks and pasta respond to the demand for minimally processed ready-to-eat foods, a sector that is expanding rapidly and it has been predicted it will continue to grow in the future (Tas & Shah, 2021). Pasta and snacks are both produced by means of the extrusion technology, i.e. by forcing the material to flow, under a variety of conditions, through a shaped hole (i.e., the die) at a predetermined rate to achieve various products. However, pasta and snacks have different structures, and thus different textures: pasta is characterized by a compact structure and has a firm texture (Marti, D’Egidio, & Pagani, 2015), whereas snacks present a porous structure and have a crumbly texture (Proserpio, Bresciani, Marti, & Pagliarini, 2020). Moreover, pasta is produced by means of the wet-extrusion technique, in other words a mass that has been hydrated (final dough moisture: 30-32%) is extruded through a single-screw extruder, whereas snacks are produced under dry conditions (about 10% moisture content) by means of a co-rotating twin-screw extruder, which combines high temperature and high shear stress conditions. Since starch is gelatinized during extrusion, the process is also known as extrusion-cooking. In this study, starch modifications upon extrusion were assessed by measuring both the pasting properties and the susceptibility to α-amylase hydrolysis (also known as damaged starch). The former indicates starch ability to gelatinize and therefore to retrogradate; the latter provides an indication of starch structural organization: a higher amount of damaged starch suggests loss in native/crystalline organization (Bresciani, Giuberti, Cervini, & Marti, 2021b).  
Although several studies have focused on the fortification of products with pulses (Monnet, Laleg, Michon, & Micard, 2019), little information is available on what pulse is the most suitable raw material to produce specific foods. Moreover, extrusion processes, by applying different temperature and shear-stress conditions, can modify the structure and the functionality of the main components of the raw material in different ways, thereby affecting the textural and nutritional features of the final products. Therefore, the choice of the type of pulse and of the extrusion process is essential to guarantee the consumer a product which has good structural and nutritional characteristics. In such a context, the objective of this study was to assess what the most suitable raw material, among chickpea, red lentil, and green field pea flours, is for the production of pasta and snacks, as well as to establish the effects of the extrusion conditions on the starch properties. In addition, due to the increasing interest of consumers in the health aspects of food products, the phenolic compounds’ content and the antioxidant capacity were also assessed in both snacks and pasta.

2. Materials & Methods
2.1 Materials
[bookmark: _heading=h.gjdgxs]All the considered raw materials - cultivated in the 2018 growing season in Central Italy - were provided by Molino Peila S.p.A. (Valperga, Italy). Regular cream-colored chickpea (Kabuli type), green field pea and red lentil were subjected to a dry milling process, by means of two steps in a roller mill (model TL3VA 1000, TecnoArdeaEngineering S.r.l., Soncino CR, Italy). According to the most common industrial milling practice for this crop, red lentil was dehulled (model DECO 420-V8, TecnoArdeaEngineering S.r.l) prior to the milling operation. 70% of particles of all the pulse refined flours had a fine particle size below 250 µm, while 30% was in the 250 - 500 µm range.

2.2. Snack and pasta making
Extruded snacks were produced, at an industrial scale, by the Fudex Group S.p.A. (Settimo Torinese, Italy), using a co-rotating twin-screw extruder (model 2FB90). The screw diameter, length-to-diameter ratio and internal and external die diameter were 85.0 mm, 18 and 6.5 and 9.5 mm, respectively. The feed rate (100 kg h-1), screw speed (150 rpm) and pressure (70 bar) were kept constant. The extrusion was carried out with the temperature of different barrel zones set at 40, 60, 80 and 110°C. The feed moisture was conditioned to 10%.
Pasta samples were produced at a 30% hydration level in a lab-scale extruder (20 kg h-1; MAC 30, Italpast, Parma, Italy), keeping the extrusion temperature at 50 °C. The samples were formed into a macaroni shape (7 mm external diameter) and dried in an experimental drying cell under a low-temperature drying cycle (60 °C max; 17 h). 
The cooked pasta (see section 2.3.6 for cooking procedure) was immediately frozen at -20 °C and freeze-dried (-80 °C for 72 h; Alpha 1-2 LD plus; Deltek s.r.l., Napoli, Italy) before analysis of the bioactive compounds. Prior to the evaluation of the pasting profile and starch susceptibility to α-amylase, as well as the quantification of the antioxidant capacity (AC) and phenolic compounds, all the snack and pasta samples were ground to a fine powder (particle size < 500 μm) in a Cyclotec 1093 sample mill (Foss, Hilleroed, Denmark) and stored at -25 °C until the analyses.

2.3. Methods
2.3.1 Proximate composition analysis
The moisture content of the flours and the final products was determined by oven-drying at 105 °C for 24 h and was used to express all the results on a dry weight (dw) basis. 
The chemical composition of the pulse flours was determined. Starch content was measured according to the AACC 76-13.01 standard method (AACC Approved Methods of Analysis, 2001), the total protein content according to AOAC 990.03 (Dumas method conversion factor: 5.4), the total dietary fiber according to the AOAC 985.29 enzymatic-gravimetric method, while the fat (AOAC 2003.05, Soxhlet method) and ash (AOAC 923.03, muffle furnace Model ZA, Nabertherm GmbH, Lilienthal, Germany) contents were determined according to the AOAC International Official Methods (2005) procedures. 

2.3.2 Starch properties
The measurement of the susceptibility of starch to α-amylase was carried out on flours, snacks and pasta, according to the standard AACC 76-31.01 method (AACC Approved Methods of Analysis, 2001), using a Starch Damage assay kit (K-SDAM 06/18; Megazyme International).
The amount of starch that was resistant to amylolytic enzymes (i.e., RS) in flours, snacks and cooked pasta was assessed by means of the AOAC 2002.02 method, using a Resistant Starch assay kit (K‐RSTAR 08/11 kit; Megazyme International). 
The pasting properties of the flours, snacks, and pasta were evaluated using a Micro Visco-Amylo-Graph (Brabender GmbH., Duisburg, Germany). An aliquot of 12 g of flour was dispersed in 100 mL of distilled water, and both the sample and water weight were scaled on a 14% flour moisture basis. The suspensions were subjected to the following temperature profile: heating from 30 up to 95 °C, holding at 95 °C for 20 minutes, and cooling from 95 to 30 °C, at a heat/cooling rate of 1.5 °C/min.

2.3.3 Analysis of phenolic compounds and antioxidant activity
The phenolic acids, flavonoids and AC in the pulse flours, extruded snacks, uncooked and cooked pasta were analyzed. 
Extraction and quantification of the soluble (free and conjugated, SPAs) and cell wall-bound phenolic acids (CWBPAs) were performed as reported in Giordano, Reyneri, Locatelli, Coïsson, and Blandino (2019). Briefly, SPAs were extracted two times with 80:20 (v/v) ethanol:water solution. The supernatants were collected and then evaporated to dryness under a nitrogen stream. Samples were hydrolyzed with 2 M NaOH (400 μL) for 2 h under continuous stirring at 4 °C. After acidification to pH 2 with HCl, soluble phenolic acids were extracted three times with 500 μL of ethyl acetate. For the extraction of CWBPAs, the samples were extracted as described before in order to remove soluble phenolic acids. The remaining pellet was hydrolyzed 4 h under continuous stirring at 4 °C, by adding 2 M NaOH (400 μL). After acidification to pH 2 with HCl, the bound phenolic acids were extracted two times with 800 μL of ethyl acetate and then centrifuged. The phenolic extracts were filtered through a 0.2 μm filter and then analyzed by means of a reverse phase high-performance liquid chromatograph Agilent 1200 Series (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 1200 Series diode array detector (RP-HPLC/DAD). Separations were carried out using a 150 x 4.6 mm, 5 μm, Gemini RP-18 column (Phenomenex, Torrance, CA, USA); the column temperature was set at 35 °C. Phenolic acids were identified using the retention times and the UV/Vis spectra of their respective standards.
Flavonoids were extracted using 80% aqueous acetone as the solvent. Briefly, an aliquot of 300 mg of sample was weighted, and 1 mL of solvent was added; the suspension was first mixed for a few seconds using a vortex mixer, and extraction was then performed in an ultrasonic bath (Branson 1510, Branson Ultrasonics, Danbury, CT) at room temperature for 30 minutes. The suspension was centrifuged at 20800 x g (microcentrifuge 5417R, Eppendorf, Milan, Italy) for 5 min and the solid residue was re-extracted under the same previously described conditions. The obtained supernatants were collected and stored at 4°C until they were analyzed. The flavonoid quantification was performed using an RP-HPLC/DAD method. A Shimadzu LC-20A Prominence chromatographic system, equipped with a diode array detector (DAD detector SPD-M20A) (Shimadzu Italia, Milan, Italy), was used for this purpose. Separation was performed in a reversed-phase Luna C18(2), 100 Å LC Column (150 × 2.0 mm i.d., considering a particle size of 5 μm) (Phenomenex, Torrance, CA, USA), which was protected by a guard column containing the same phase at 30 °C. Eluent A was water/formic acid 0.1% v/v and Eluent B ACN/formic acid 0.1% v/v. The elution program used was as follows: from 5% to 35% B (40 min), from 35% to 75% B (3 min), isocratic 75% (10 min), from 75% to 5% B (7 min) isocratic 5 % B to equilibrate the column (20 min). The total run time was 80 min, and it was performed at a constant flow rate of 400 μL min-1. DAD detection was performed at 280 nm and 330 nm. The injection volume was 7 μL. Data acquisition was performed by means of LC Solutions (Version 1.25, Shimadzu Italia). The flavonoids were identified by comparing the retention times and the UV-vis spectra with those of authentic standards; the quantification was performed on the basis of calibration curves obtained with the same standards. The raw and processed pulse extracts were injected into the chromatographic system after 0.45 μm filtration.
[bookmark: _heading=h.2et92p0]The total AC was determined by means of FRAP (Ferric Reducing Antioxidant Power) and ABTS [2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] assays, adapted from the QUENCHER method, as described by Giordano et al. (2019). The results were expressed, through a calibration curve, as mmol Trolox equivalents kg-1 of sample (dw).

2.3.4 Color 
The color of the flours, snacks, and of the uncooked pasta was measured using a reflectance color meter (CR 210, Minolta Co., Osaka, Japan) to establish the lightness and saturation of the color intensity. The obtained results were expressed in the CIE L* a* b* color space.

2.3.5 Snack properties
Image analysis of the snacks was carried out as reported by Bresciani, Giordano, Vanara, Blandino, and Marti (2021a). Briefly, cylindrical shaped portions were cut from the snacks and images of their cross sections were acquired at 300 dots per inch using a digital scanner (Epson Perfection 550 Photo, Seiko Epson Corp., Suwa, Japan). The image analyses were performed using Image ProPlus software (v6; Media Cybernetics, Inc., Rockville, the USA). The images were processed at the gray level (8 bits). Both a section area (total cross-sectional area) and an inner area (area from the internal cavity only) were considered, as well as the ratio between inner area and section area.
Texture was determined by means of the three-point bend method, using a TA – XT plus texture analyzer (Stable Micro Systems Ltd., Godalming, the UK), equipped with a 100 N load cell. Samples were compressed with the HDP/3PB probe, at a crosshead speed of 1 mm s-1, to 5 mm of the original diameter of the extrudate. The highest force value was considered as a measurement of hardness.
The total porosity and average pore radius were assessed with a Pascal Mercury Porosimeter (P240; Thermo Fisher Scientific, Waltham, US), according to Bresciani et al. (2021a).

2.3.6 Pasta cooking behavior
Pasta (25 g) was cooked in boiling distilled water (pasta: water ratio = 1:10) till the optimum cooking time. The latter (6.5 min for all the samples) was evaluated by five trained panelists who tasted the product at different cooking times: the optimal cooking time was defined as the time at which the pasta maintained the “al dente” firmness. Cooking loss was evaluated by determining the total amount of solids lost in the cooking water, according to the standard AACC 66-50.01 method. After cooking, the level of water was brought back to the initial volume. Dry matter was determined on 40 mL of the cooking water, dried to a constant weight at 105 °C. The results were expressed as grams of matter loss 100 g-1 pasta on a dry basis.
The increase in the pasta weight due to cooking was expressed as the ratio percentage between the weight increase and the weight of the uncooked pasta.
The texture properties of the cooked pasta were determined, by means of a compression-extrusion test, using a texture analyzer (Z005, Zwick Roell, Ulm, Germany), equipped with a 10-blade Kramer cell and a 5 kN load cell. An aliquot of 25 g of pasta was cooked, compressed and then extruded at a 0.67 mm s-1 crosshead speed. The results were expressed as average firmness values, i. e. the maximum compression force.

2.4 Statistics
The SPAs, CWBPAs, the flavonoid content, AC, RS, and starch susceptibility to the α-amylase were measured in triplicate, whereas the pasting properties, and the porosity were measured in duplicate. The texture and image analysis of the snacks were carried out on 20 pieces. Data on the pasta texture and water absorption were obtained from four independent cooking trials, whereas the cooking loss was determined in duplicate in four independent cooking trials. Ten replicates were carried out for the color analysis.
One-way analysis of variance (ANOVA) was performed with SPSS for Windows statistical package, Version 24 (SPSS Inc., Chicago, Illinois, the USA) to compare the effect of the combination of both the raw materials (chickpea, green field pea, or red lentil) and the technological processes (extrusion-cooking, pasta-making process, pasta cooking) on the measured parameters. Significant differences (P<0.05) among the samples were determined using the Ryan/Einot, and Gabriel/Welsch (REGW-F) test.

3. Results & Discussion 
3.1 Proximate composition of the flours
The total macronutrient composition of the pulse flours is reported in Table S1. The chickpea flour was characterized by the highest lipid concentration (6.7%), which was four times higher than the pea and lentil (2.0 and 1.5%, respectively) flours, and by the lowest starch content (47.9%). The red lentil flour, obtained from de-hulled grains, had the largest amount of protein (25.1%). The chickpea and green pea flour had a more concentrated fiber content (10.2% and 9.7%) than the red lentil (6.4%) flours; the lowest value obtained for red lentil is likely related to the removal of hulls before the milling process.
[bookmark: _heading=h.3znysh7]
3.2 Effect of processing on the starch properties
3.2.1 Starch susceptibility to hydrolysis
Starch damage and RS assays were conducted to provide information on the effects of processing conditions (extrusion-cooking and pasta-making) on the starch structure through the assessment of the susceptibility of starch to amylolytic enzymes. The former assay measures the susceptibility of starch to α-amylase hydrolysis for a short period of time (10 min): high values of starch damage in processed starchy foods indicate starch gelatinization and/or disintegration when high temperature and/or shear stress are applied. The resistant starch assay measures the amount of starch that remains after the hydrolysis of α-amylase and amyloglucosidase for 16 h. By definition, this fraction is referred to as RS, i.e. the portion of the starch that is not broken down by human enzymes in the small intestine. This index might provide information on the effect of processing on starch reorganization: high values of RS in processed starchy foods might indicate starch retrogradation with an impact on health, related to a lower glycemic index.
The considered pulse flours exhibited a low susceptibility to enzymatic hydrolysis (Table 1), in agreement with previous studies (Li, Yuan, Setia, Raja, Zhang, & Ai, 2019). Indeed, starch is present in flours in the native form, and only the starch fraction that has been damaged during milling is quickly available to hydrolysis by α-amylase. Starch damage in general was lower than 4%, with chickpea flour showing the lowest value and green field pea flour the highest one (which was not significantly different from that of red lentil flour). In addition to pre-milling processing and the milling diagram, factors such as the variety, size, shape, hardness, and water content of pulses influence the milling process (Vishwakarma, Shivhare, Gupta, Yadav, Jaiswal, & Prasad, 2018). Although seed size and hardness are important factors for the final properties of flour, their relationship with the milling aptitude has not yet been defined (Scanlon, Thakur, Tyler, Milani, Der, & Paliwal, 2018). 
The RS content in the flours was higher in the lentil (4.6%) and green pea (4.8%) flours than in the chickpea flour (1.7%). De Almeida Costa, da Silva Queiroz-Monici, Reis, and de Oliveira (2006) found an RS content in chickpea (3.4%) that was not significantly different from that of lentil, while a lower RS content was reported in field pea (2.4%). 
Indeed, a large variability in RS within the cultivars of each pulse species is known (Chung, Liu, Donner, Hoover, Warkentin, & Vandenberg, 2008). The lower RS in chickpea may be related to their lower total starch content than other pulses (Table S1). 
Processing influences both the gelatinization and retrogradation of starch, and thus affects its enzymatic susceptibility. The snacks showed low RS values (between 0.9-1.7%), but high starch damage values (more than 80%) (Table 1). The starch damage of snacks provides information about the gelatinization degree (Bresciani et al., 2021a). It is well-known that extrusion-cooking causes a total disintegration of the starch structure, due to the high shear forces and high temperatures, thus promoting the almost complete gelatinization of starch, thus resulting in a low RS (Simons, Hall, Tulbek, Mendis, Heck, & Ogunyemi, 2015) and a high level of starch damage (Bresciani et al., 2021a). The chickpea snacks resulted in the lowest starch damage value, thus suggesting the possibility of a more compact structure (Table 1).
The pasta-making process also promoted a slight but significant increase in starch susceptibility to hydrolysis by α-amylase, due to the mechanical stress, which led to starch changes (Bresciani et al., 2021b), albeit to a lower extent than extrusion-cooking (Table 1). The differences in the processing conditions are responsible for the differences between the snacks and pasta, with the former produced under a higher extrusion pressure and temperature than the latter. In addition, in the case of pasta, the extruded product requires a drying step to lower the moisture content to about 12% to ensure stability of the final product. Drying promotes protein coagulation around starch granules (Marti et al., 2015), making starch less accessible to a quick hydrolysis from α-amylase than snacks (Table 1). 
[bookmark: _heading=h.4d34og8]The RS in the pasta (when cooked) was not affected by the type of pulse (Table 1). However, a slightly higher RS content (and thus a lower glycemic index) has been found in pulse pasta than in pasta from gluten-free cereals (Yadav, Sharma, & Yadav, 2010; Turco, Bacchetti, Morresi, Padalino, & Ferretti, 2019), likely due to the higher amylose content of pulses (25-40%), which has a greater tendency to retrograde, following gelatinization and cooling, and thus of forming a crystalline structure that is resistant to digestive enzymes (Laleg, Cassan, Barron, Prabhasankar, & Micard, 2016).
 
3.2.2 Pasting properties
All the flours showed a C-type profile, which is typical of pulses (Kaur & Singh, 2005), since starches do not attain a peak viscosity, as they do in cereals, but continue to increase in viscosity over time and as the temperature increases (Figure 1). The restricted swelling characteristics of pulse starches at the temperatures employed in the test are related to their higher amylose content (25-40%).
The snacks did not show a pasting profile, as a result of the starch degradation that occurred during the extrusion process, as confirmed by the high level of starch damage discussed in the previous section and reported in Table 1. This behavior is common in snacks obtained blending pulses with cereals, as reviewed by Pasqualone, Costantini, Coldea, and Summo (2020). Although the snacks did not show a pasting profile, the initial viscosity was higher than that of the flour and pasta samples. The initial viscosity is due to so-called "pre-gelatinized" starch, i.e. soluble starch, generated during extrusion and the viscosity generated when dispersed in water. The structural changes induced by extrusion-cooking resulted in granular disintegration, with a high affinity for water, even at room temperature. Similar results have been observed in pulse-based formulations (Pasqualone et al., 2020). 
[bookmark: _heading=h.3rdcrjn]The pasting profiles of the pasta samples were very similar to those of the raw materials, except for the green pea pasta (Figure 1c), whose viscosity decreased after the pasta-making process. Differences in starch structure might account for the differences in the pulse behavior observed during processing; however, this aspect needs to be studied in more detail. A decrease in viscosity was also found when yellow lentil was processed (Bresciani et al., 2021b).

3.3 Effect of processing on the phenolic compounds 
The formulation of food products rich in phenolic compounds is a goal of food industry research, mainly because of their antioxidant properties and potential health benefits. Phenolic compounds vary in quantity and composition according to the type of pulse considered (Magalhaes, Taveira, Cabrita, Fonseca, Valentão, & Andrade, 2017; Zhang et al., 2015). The different compositions of the compared raw materials and the impact of processing on the soluble and cell-wall bounded phenolic acids, flavonoids and AC are discussed in the following sections. 

3.3.1 Phenolic acids
The red lentil flour had a higher SPA content than the chickpea flour, while no significant differences were observed between pulses for the CWBPAs (Table 2, Supplementary Figure S1). However, differences in their composition have been reported. According to other studies (Aguilera et al., 2011; Magalhaes et al., 2017), the mains SPAs in chickpea flour are hydroxybenzoic (66%) and protocatechuic (14%) acids; p-coumaric (54%) and ferulic (15%) acids are the most abundant in red lentil, while green pea flour mainly contains ferulic (45%) and sinapic (21%) acids. In addition, hydroxybenzoic (82%), p-coumaric (71%) and vanillic (40%) acids are the main CWBPAs in chickpea, red lentil and green pea, respectively.
Phenols, flavonoids, and other bioactive compounds are sensitive to heat and may be altered if exposed to temperatures above 80 °C and high shear forces, such as those applied during extrusion-cooking (Singh et al., 2017; Patil & Kaur, 2018; Pasqualone et al., 2020). In our work, extrusion-cooking significantly reduced the soluble p-cumaric acid content by 58% in red lentil and the soluble ferulic acid content by 62% in green pea, while it did not significantly modify the most abundant soluble hydroxybenzoic acid for chickpea flour, except for protocatechuic acid (-80%). Furthermore, the reduction in SPAs, as a result of extrusion-cooking, is counterbalanced by a significant increase in CWBPAs, as previously observed for the same process, albeit only for certain compounds (sinapic acid) in corn (Bresciani et al., 2021a). A similar effect was reported also for extruded snacks obtained from lentil and nutritional yeast flours (Barros et al., 2018). 
[bookmark: _heading=h.tua09xadjdvj]The pasta-making process led to a significant increase in both soluble and cell-wall bound hydroxybenzoic acid for the chickpea flour: this extrusion process may have induced the hydrolysis of polyphenols linked to the fractions of fibers and/or proteins (Morales et al., 2015), and their release from the cell walls, overcoming the expected degradation as occurred during the production of the snacks (low moisture, high temperature and high shear stress). At the same time, the increase of CWBPAs could be related to modifications in the structure of the extruded pulses, leading to a better extractability, as previously observed in the case of brown rice (Zeng et al., 2017). Instead a significant decrease in soluble p-coumaric and ferulic acids was observed respectively for red lentil and green pea pasta. Turco et al. (2019) highlighted a significant decrease in the total content of polyphenols after cooking, in pea, lentil and a mixture of green pea and chickpea. In our experiment, pasta cooking resulted in a significant reduction of the SPAs in the red lentil, mainly because of the significant reduction of the most abundant p-coumaric acid. Only CWBPAs in chickpea were significantly reduced during cooking, especially because of the hydroxybenzoic acid decrease. The pasta cooking process did not affect the content of other phenolic acids. In comparison with lignans, stilbenes and flavonoids, phenolic acids showed the lowest reduction after cooking of several gluten free pasta (Rocchetti et al., 2017). Moreover, compared to other gluten free raw materials (e.g. rice, quinoa, amaranth and sorghum), chickpea and red lentils preserved the most of its bound fraction of phenolic compounds after pasta-cooking (Rocchetti et al., 2017). 

3.3.2 Flavonoids 
[bookmark: _heading=h.30j0zll]The flavonoid composition of pulse flours and the corresponding processed products are shown in Table 3 and Supplementary Figure S2. The highest flavonoid content was observed in the red lentil flour, and this was followed by the green pea and chickpea flours; the sum of flavonoids identified in the raw materials accounted for 68.1, 49.7, and 10.7 mg kg-1 dw, respectively. The flavonoid composition of the pulses varied both quantitatively and qualitatively, as previously observed for the phenolic acids. Among the identified flavonoids, apigenin-7-O-glucoside (which accounted for about 32% of the total flavonoid content), quercetin-3-O-rhamnoside (25%), and catechin (19%) were the main compounds in the chickpea flour; luteolin-3-O-glucoside (49%) and hyperoside (35%) were the main compounds in the red lentil flour, while a single compound, i.e. epicatechin, accounted for more the 60% of the total flavonoid content in the green pea flour. The flavonoid content of pulses has been described extensively in the literature. Singh et al. (2017) reported that the total flavonoid content (expressed as catechin equivalent) of lentil, pea and chickpea varies from 600 to 4540 mg kg-1, from 50 to 150 mg kg-1 and from 100 to 1080 mg kg-1, respectively. Zhang et al. (2015) observed that condensed tannins (proanthocyanidins) are the main polyphenols in whole lentils, accounting for up to about 90% of the total phenolic content; they also showed that, concerning individual compounds, kaempferol glycosides are the most abundant phenolics in red and green lentil, followed by catechin glucoside, catechin gallate, and epicatechin glucoside. The main flavonoids detected in pea are glycosylated flavones, namely luteolin and apigenin derivatives, while the main compounds identified in chickpea cultivars are the glycosides of luteolin, myricetin, and quercetin-3-O-rhamnoside (Magalhaes et al., 2017). Catechin was also revealed to be the most abundant component in two ecotypes of chickpea cultivated in Southern Italy (Fratianni et al., 2014). Any differences in the composition of pulses from our results, and within the literature data, can be ascribed to the different cultivars that were analyzed (genotype), but also to the different geographic origins, maturity degree, pedo-climatic conditions and/or agronomic treatments (Magalhaes et al., 2017). Furthermore, in this work, only a limited number of phenolic compounds have been identified, on the basis of the available authentic standard. Therefore, it cannot be excluded that the complete phenolic profile of these pulses may be more complex.
Significant changes were observed in the flavonoid content following the processing of the pulses. The most detrimental effects were generally registered in the extruded snacks; reductions of 16, 49 and 58% were observed for the chickpea, red lentil and green field pea, respectively. Except for the chickpea, for which no significant differences were observed between the raw material and both the uncooked and cooked pasta, the pasta making process led to a significant reduction in the flavonoid content (-21% in the red lentil and -50% in the green pea). A further significant reduction was observed after cooking (-31% and -58%, with respect to the flours, in the red lentil and green pea, respectively); this result could be related to a loss of flavonoids in the cooking water. For red lentil pasta, this loss was mainly due to a reduction of luteolin-3-O-glucoside and hyperoside (-19% and -12% in cooked samples in respect of uncooked ones), while in pea pasta the main compounds lost after cooking were catechin and epicatechin (-150% and -22%, respectively).
The qualitative profile generally remained almost the same as that of the raw materials after processing. In particular, luteolin-3-O-glucoside and hyperoside were the predominant compounds in the red lentil (accounting on average for 44 and 36% of the total flavonoids in the processed products, respectively), while the most abundant compound in the green pea was epicatechin, accounting for about 54, 53 and 78% of the total flavonoid content in the uncooked pasta, cooked pasta and extruded snacks, respectively. Furthermore, is interesting to note that apigenin-7-O-glucoside was the major compound in chickpea, albeit only in the flour and pasta (both before and after cooking), while the predominant compound in the extruded snacks was rutin, even though it was present at a relatively low concentration (1.9 mg kg-1 dw). 
After extrusion, phenolic compounds can increase or decrease (even at different extent), mainly depending on the raw material and on the extrusion conditions (Pedrosa, Guillamón, & Arribas, 2021). Also the results obtained in the present work showed different behaviors for individual compounds; differences were also observed depending on the tested pulse. Data suggested a possible hydrolysis of flavonoid glycosides in red lentil (Table 3). The main glycosides identified, i.e. luteolin-3-O-glucoside, hyperoside (quercetin-3-O-galactoside), rutin (quercetin-3-O-rutinoside), quercetin-3-O-rhamnoside and apigenin-7-O-glucoside, significantly decreased in the corresponding snacks and in almost all the pasta samples; on the contrary, the content of catechin, epicatechin and apigenin increased. Barros et al. (2018) observed for decorticated red chief lentils a strong reduction of flavonoids (catechin, kaempferol and quercetin glycosides); this decrease was directly correlated to the extrusion temperature. Concerning chickpea, the major compounds apigenin-7-O-glucoside, quercetin-3-O-rhamnoside and catechin significantly decreased in snacks, whereas in pasta the same compounds acted differently. In particular, apigenin-7-O-glucoside increased (in the same manner acted myricetin, apigenin and kaempferol), while the amount of quercetin-3-O-rhamnoside and catechin decreased. In the case of pea, the major compound epicatechin, together with catechin, rutin, hyperoside, luteolin-3-O-glucoside and kaempferol-3-O-rutinoside, decreased in snacks, while quercetin-3-O-rhamnoside, apigenin-7-O-glucoside and myricetin showed the highest values in both uncooked and cooked pasta samples. Šárka, Sluková, and Henke (2021) reported that individual flavonoids, like flavonols (e.g. quercetin and kaempferol derivatives), but also proanthocyanidins, flavanones (naringenin and eriodictyoland), flavones (luteolin and apigenin) and isoflavones (daidzin, daidzein, glycitein, glycitin, genistein, and genistin) contained in different food matrices (including lentils, soy beans, sorghum) are negatively affected by the extrusion cooking. On the contrary, the content of flavonols like quercetin and quercetin-3-O-glucoside increases in apple pomace after extrusion (Šárka et al., 2021).

3.3.3. Antioxidant capacity 
The green pea flour was the raw material that showed the highest AC, significantly higher compared to chickpea (FRAP method) and red lentil (ABTS method) (Figure 2). The higher AC of pea in respect to the other legumes could be related to specific antioxidant compounds other than polyphenols, e.g. proteins and chlorophylls (Ge, Sun, Corke, Gul, Gan, & Fang, 2020). Ettoumi and Chibane (2015) reported a higher AC in lentil flour compared to chickpea and pea, but in their study all the samples were used as hulled grains. In our work, lentil showed the lowest AC determined through the ABTS assay; this could be related to a loss of tannins (proanthocyanidins) during the dehulling process (dehulling would reduce tannins to a minimum level) (Wang, 2008). Furthermore, the high AC of chickpea in the ABTS assay could be associate also to the presence of antioxidant proteins (Grasso, Lynch, Arendt, & O'Mahony, 2022). In addition, the possible presence of ascorbic acid, which is believed to strongly contribute to the antioxidant activity in chickpea (Jameel, Hameed, & Shah, 2021) could have played a role, even if it could be lost during the extrusion process. 
The processing clearly affected AC, although in different ways, according to the specific assay. The snacks had a higher ACFRAP than the flour and pasta. Several studies have detected an increase in antioxidant activity after extrusion-cooking, which may be due to the production of dark color pigments (particularly melanoidins), which are well known to have antioxidant activity (Patil & Kaur, 2018). In agreement with Rocchetti et al. (2017), also the cooking of pasta led to an increase in AC in the final product of the chickpea and red lentil, as quantified through the FRAP method. Rocchetti et al. (2017) have found that the increase in the free phenolic fraction is the main responsible for the total increase in the AC, probably because the antioxidant compounds have been liberated from the insoluble portions of the food, in addition to the production of antioxidant compounds through the Maillard reaction. Conversely, ACABTS decreased significantly in comparison with the raw materials only in snack and pasta from green pea, while no significant difference has been reported for the other raw materials. Rico, Cano, & Martin-Diana (2021) reported that the blend of corn or rice and lentil flours, when extruded at 110-120°C to produce backed products, resulted in a decrease only in ACABTS, but not in ACFRAP. This last assay was more closely related to the production of antioxidant compound through Maillard reation of extrusion process than the previous one.

3.4 Role of the raw materials on the product characteristics
3.4.1 Color 
The differences in color detected in Supplementary Figure S3 are related to both the raw material and the production process. Differences in the shape of the final products might also affect the color. Regardless of the type of pulse, both processes decreased significantly the brightness (or luminosity, L*) of the products, with the pasta showing a higher level of brightness than the snacks for the chickpea and green pea products, while the red lentil pasta and snacks showed a similar luminosity. Products become darker (i.e., L* decreased) following production processes, probably because of the effect of the thermal treatment during the process: in fact, high temperatures cause Maillard and caramelization reactions, with a consequent increase in browning and redness (Pasqualone et al., 2020). Indeed, the a* index (redness) in the chickpea samples increased as a result of processing, with the snacks showing significantly higher values than the pasta. The highest a* value for the red lentil was observed in the flour and pasta, followed by the snacks. The decreased redness observed during extrusion-cooking is likely due to the thermal effect which degrades the red pigment of the raw material. As far as green pea is concerned, processing promoted a significant shift from green (i.e., negative values for a*) to red (positive values). Specifically, the a* value increased, although it remained negative in the pasta (-5.3) and became positive in the case of snacks (1.4), thus indicating that the samples lost a certain degree of green due to the increase in the intensity of the thermal treatment. 
As for the b* value, the chickpea and green pea samples followed similar trends: the highest value was observed in the flour, followed by the snacks and pasta. On the other hand, the extrusion-cooking of red lentil flour did not affect the yellowness, whereas a significant decrease in the b* values were observed in the pasta sample. Proserpio et al. (2020) reported, for the case of snacks, that a light-yellow color negatively affects the hedonic perception of consumers. In the case of pulse-enriched pasta, adding green pea (from 5 to 20%) to durum wheat scored similar or higher values than red lentil-enriched pasta (Teterycz, Sobota, Zarzycki, & Latoch, 2020). 

3.4.2 Snack characteristics
[bookmark: _heading=h.1fob9te]Differences in physical features were observed among snacks (Table 4). Some of these differences might be ascribed to chemical composition (Table S1), and thus to differences either in the type of pulses or the pre-milling processing (i.e., hull removal in red lentils). Chickpea led to the snacks with the smallest area (both the section and inner area) and the highest degree of firmness, likely due to the compositional/structural traits of the raw material. For example, the higher lipid content in chickpea (6.1 g 100 g-1) than in the red lentil and green pea (1.4 and 1.7 g 100 g-1, respectively) may have affected the gelatinization of the starch as a result of the formation of an amylose-lipid complex (Panyoo & Emmambux, 2017). In addition, lipids act as lubricant in the screw, decreasing the shear stress (de la Peña & Manthey, 2017). Such traits could have limited the expansion of the product during extrusion-cooking (as shown by the lower value of starch susceptibility to α-amylase; Table 4), and thus led to a less expanded and harder snack. As recently reviewed by Tas & Shah (2021), chemical composition greatly affects the expansion of the snacks: higher starch, lower protein and lower fiber contents usually result in higher expansion. For instance, previous studies have reported less expansion when chickpeas (30%) or red lentils (10-50%) were added to corn (Hegazy, El-Bedawey, Rahma, & Gaafar, 2017; Shah, Sharif, Butt, & Shahid, 2017). It is worthy to mention that generally, the expansion rate is affected by the extrusion conditions, such as feed moisture, barrel temperature and screw speed (Tas & Shah, 2021).
The red lentil snacks had a higher level of firmness and inner area than the green pea snacks. Considering the ratio between the total area and the section area (Table 4), the inner area of the red lentil snacks represented almost 37% of the total area; while this value was about 25% and 31% for the green pea and chickpea snacks, respectively, thus suggesting a greater compactness of the red lentil snacks. A compact structure with a regular hole is desirable for the kind of product considered in this study (Bresciani et al., 2021a). We focused on the empty snack, but it has to be considered that, in the industrial process, co-extruded snacks are filled with either a sweet or savory filling. The section area may be considered as an index of the degree of expansion of a product: the larger the area is, the larger the expansion rate, because, in the present experiment, the extruder die was not changed during the extrusion trials (Bresciani et al., 2021a). The inner area is an important parameter for co-extruded snacks that have an extrusion-cooked outer shell which is later filled with either a savory or sweet filling. Since the filling needs to be contained within the snack, a compact structure is desirable. 
As regards the textural properties, a previous study on pulse-based snacks highlighted a positive correlation between the hardness obtained from instrumental measurements and the “hard” attribute judged by participants in sensory analyses, while negative correlations were found between hardness (from texture analyses) and crumbly, porous attributes as measured by means of sensory analyses (Proserpio et al., 2020). Moreover, the study reported that the “hard” attribute had a negative influence on the hedonic perception of consumers. Thus, the overall results show that red lentils can be proposed as the most suitable raw material (among those studied in the present study) for the production of co-extruded snacks.
As regards the porosity, the green pea snacks showed the same porosity percentage as the chickpea products, but the pores had a lower average radius, thus it can be assumed that pores are distributed in a more homogenous way on the product surface. For this kind of product (i.e., co-extruded snacks), small pores led to a softer structure that is less resistant to breakage. The red lentil snacks showed the lowest total porosity and the highest average pore radius, but the high expansion rate contributed to mitigating the resistance to breakage.
In the last ten years, there was a great interest in producing ready-to-eat snacks from pulses, as recently reviewed by Pasqualone et al. (2020) who highlighted that most of the studies: (1) dealt with bean and pea; (2) aimed at optimizing the processing conditions; (3) focused on the production of pulse-added extruded foods, where pulses flour was incorporated into a cereal-based extrudate. Since both formulation (i.e., type of pulses and enrichment level) and processing conditions (i.e., temperature, screw speed and moisture content of the fed ingredients) greatly affected the physical properties of the snacks, it is difficult to compare our results with those from previous studies. In addition to the above mentioned aspects, the different shapes of the snacks make the comparison even more difficult. To the best of our knowledge, this study is unique in the (1) characterization of co-extruded snacks (although without filling) and (2) comparing the aptitude of three legumes to the same process.

3.4.3 Pasta cooking behavior
Regardless of the type of pulse, all the pasta samples maintained their structure, with no breakages (Supplementary Figure S3). Such a structure led to lower cooking loss values (Table 4) than either commercial pulse pasta made from red lentil (about 8 g 100 g-1) or pea (17 g 100 g-1) flours (Turco et al., 2019) and experimental pasta made from faba (about 14 g 100 g-1), green lentil (about 13 g 100 g-1) or black gram (about 10 g 100 g-1) fours (Laleg et al., 2016). Differences among varieties as well as in the processing conditions (including the type of die) affect the structure of pasta, and thus its cooking behavior (Bresciani et al., 2022). A high degree of water absorption, a low cooking loss, and high degree of firmness should be present for pasta to have a desirable quality (Marti, et al., 2015). In consideration of these qualities, the red lentil was found to be the most suitable raw materials for pasta production, with the lowest cooking loss and the highest degree of firmness (Table 4). The low fiber content (Table S1) might account for the formation of a more homogeneous structure. Differences in firmness cannot be related to the water absorption capacity of a product; in fact, no differences were observed among the samples. On the other hand, the textural properties may be related to the protein organization, and this aspect certainly deserves further investigation.
However, the texture of the red lentil pasta resulted too firm, compared with that of semolina pasta of the same shape (about 600 N, data not shown), thus suggesting the need to further investigate the role of extrusion (e.g., pressure, specific mechanical energy) and/or the shaping (i.e., type of shape) conditions for a good pasta quality. The pasta from chickpea showed the greatest losses during cooking and the lowest degree of firmness, even though the latter was very similar to that of a semolina pasta of the same shape.

4. Conclusions
All the considered pulses (i.e., chickpea, red lentil, and green field pea) can be processed as snacks or pasta. However, some differences in product characteristics were observed. As regards the technological quality, the best results were obtained when red lentil was used; this behavior could be due to the low amount of fiber, which otherwise in chickpea and green field pea could have led to a negative impact on snack and pasta structure. However, in the case of pasta, the macaroni shape that was considered in this experiment did not valorize this raw material since the pasta showed an even higher degree of firmness than semolina pasta. 
As regards phenolic compounds, they varied both quantitatively and qualitatively between the raw materials and final products. Although subjected to dehulling, the red lentil showed the highest flavonoid content in both the raw material and the final extruded product, the green pea achieved the highest ACFRAP before and after extrusion-cooking, while the chickpea pasta showed the highest SPA and ACABTS. Although a significant interaction between the raw material and the extrusion processes was observed for the phenolic compound content, a marked difference in antioxidant activity, related to the use of a specific type of pulse flour, was not observed.
In conclusion, regardless of the type of products, dehulled red lentil seems to technologically perform better than chickpea and green field pea for both snacks and pasta. Red lentil based products are gluten-free foods rich in protein, and characterized by high content of phenolic compounds (particularly flavonoids). Further researches will be necessary to evaluate the role of decortication before milling on different pulses, to verify the impact of this practice on technological traits and the content in nutrient and bioactive compounds.
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Figure Captions
Figure 1. Pasting profile of the chickpea (a), red lentil (b) and green field pea (c) flour (green line), extruded snack (blue line), and uncooked pasta (orange line).
Figure 2. Antioxidant capacity (AC) measured by means of the ABTS and FRAP assays in chickpea, red lentil and green pea flour, extruded snack, uncooked and cooked pasta.
[bookmark: _heading=h.1t3h5sf]Figure S1. Soluble (SPAs) and cell-wall bound (CWBPAs) phenolic acid content in chickpea, red lentil and green field pea flour, extruded snack, uncooked and cooked pasta.
Figure S2. Flavonoids content in chickpea, red lentil and green field pea flour, extruded snack, uncooked and cooked pasta.
Figure S3. Images and color indices of flour, pasta, and snacks from chickpea, red lentil, and green field pea flours.

Table Captions
Table 1. The susceptibility of starch to amylolytic enzymes evaluated as starch damage (g 100 g-1 dw) and the resistant starch content (g 100 g-1 dw) in pulse flour, pasta and snacks.
[bookmark: _heading=h.3dy6vkm]Table 2. Soluble (SPA) and cell-wall bound (CWBPA) phenolic acid contents (mg kg-1) in the chickpea, red lentil and green field pea flours, in the extruded snack, and in the uncooked and cooked pasta.
Table 3. Flavonoid content (mg kg-1) in the chickpea, red lentil and green field pea flours, in the extruded snacks, and in the uncooked and cooked pasta.
Table 4. Physical characteristics of the snack and pasta prepared from chickpea, red lentil, and green pea flours.
Table S1. Starch, protein, fat, fiber and ash content of chickpea, red lentil, and green field pea flours.
