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Abstract 1 

Legumes represent staple foods rich in phenolic compounds, which are often consumed after 2 

soaking and boiling. This study determines the fate of phenolic compounds from six legumes 3 

varieties belonging to the species Lens culinaris Medik., Phaseolus vulgaris L. and Cicer arietinum 4 

L. after soaking, boiling and digestion. To this purpose, a new HPLC-DAD method was developed 5 

and validated. Results show that the cooking process strongly reduces the content in free and bound 6 

phenolic compounds and that the processing water is a valuable source of phenolics. 7 

Bioaccessibility of phenolics from the legume matrix was investigated separately in the coat and the 8 

cotyledons of three chosen varieties (black beans, black lentils and pinto beans) by means of a 9 

standardized in vitro digestion protocol. Results showed that only a fraction of the phenolic 10 

compounds is bioaccessible, which may have implications for human health. 11 

 12 

Keywords: Legumes; anthocyanins; phenolic compounds; in-vitro digestion; bioaccessibility.   13 
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1. Introduction 14 

Legumes and pulses are commonly eaten around the world and represent a valuable replacement for 15 

meat as a source of proteins. Legumes have unique nutritional and health-promoting properties 16 

related to the content in essential nutrients like proteins, low GI carbohydrates, minerals, vitamins 17 

as well as phytochemicals including polyphenols (Hall et al., 2017). Pulses are commonly eaten 18 

cooked, and a soaking step prior to cooking is a common practice to shorten the cooking time. 19 

Despite the anticipated strong effect of cooking, studies on the phenolic profile in cooked pulses are 20 

scarce. Kalogeroupolous and coworkers analyzed the content in phenolic compounds in 14 cooked 21 

legumes varieties and reported a significant decrease in their concentration after cooking 22 

(Kalogeroupoulos et al., 2010). Accordingly, Zhang et al. (2014) showed a significant reduction of 23 

total phenolic and condensed tannin both in the free and the bound form in boiled lentils. Xu and 24 

coworkers found that soaking, boiling and steaming significantly affected the total phenolic content 25 

in peas, chickpeas and lentils depending on the type of legume and processing conditions (Xu et al., 26 

2008). Another study showed a decrease in the phenolic content of faba beans after soaking and 27 

boiling (Siah et al., 2014). When phenolic acids are considered, conflicting results on the effect of 28 

cooking on them have been reported, likely reflecting the simultaneous occurrence of several 29 

phenomena: (i) partial release of free phenolics from covalently bound ones, (ii) thermal 30 

degradation and (iii) increase of the physically bound form caused by interactions of phenolic acids 31 

with macromolecules of the food matrix (Zaupa et al., 2015).   32 

To the best of author’s knowledge, there are only few studies that have investigated the distribution 33 

of phenolics in the legumes coat and cotyledon. Luo and coworkers investigated the distribution of 34 

phytochemicals in cooked coats and cotyledons of mung beans and adzuki beans (Luo et al., 2016), 35 

while Ranilla and coworkers investigate the phenolic profile of coats and cotyledons of 25 Brazilian 36 

and 3 Peruvian bean cultivars (Ranilla et al., 2008). More recently, Peng and coworkers have 37 

reported the extractable and non-extractable bound phenolic compositions and their antioxidant 38 

properties in seed coat and cotyledon of black soybean (Glycinemax L. merr).  Therefore, there is 39 
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demand for a comprehensive analysis of these phytochemicals in cooked pulses with a special 40 

emphasis on their localization in the seeds coat and cotyledons. Furthermore, previous reports have 41 

not considered the leaching of phenolic compounds into soaking and cooking water. 42 

To exert their beneficial effects, polyphenols should be bioavailable. The bioavailability depends on 43 

bioaccessibility, i.e. the fraction of a compound that is released from its food matrix in the 44 

gastrointestinal tract and thus becomes available for intestinal absorption (Cilla et al., 2017). 45 

However, information on the effect of food processing on the bioaccessibility of polyphenol in 46 

legumes is very scarce and limited to few commonly eaten varieties (La Parra et al., 2008; 47 

Stanisavljevic et al., 2013; Hithamani et al., 2014; Zhang et al., 2017). Information on the 48 

bioavailability or bioaccessibility of nutrients and bioactive compounds in food products is of 49 

utmost importance for a correct estimation of the actual intake which may be largely overestimated 50 

when only the mere content in the food product is considered (Barba et al., 2017). Within plant 51 

cells, phenolic compounds are deposited in vacuoles (Beckman et al., 2000). During heat treatments 52 

and chewing, plant cells are broken open and phenolic compounds are released and interact with 53 

cell wall material. Current evidence suggests that interactions of anthocyanins, phenolic acids and 54 

procyanidins with cellulose and pectin greatly limits phenolics bioavailability (Padayachee et al., 55 

2013; Padayachee et al., 2012a; Padayachee et al., 2012b; Phan et al., 2015; 2017; Liu et al., 2017). 56 

Legume cell walls mostly consist of cellulose, pectins and hemicelluloses but their composition 57 

shows huge differences in coats and cotyledons, so that a differential effect may be expected in 58 

terms of phenolics bioaccessibility from different seed tissues. Therefore, the aims of this study 59 

were to determine the effect of soaking and boiling on the content and bioaccessibility of fourteen 60 

phenolic compounds in six pulses varieties, namely black lentils (Lens culinaris Medik), black 61 

beans (Phaseolus vulgaris L.), ruviotto beans (Phaseolus vulgaris L.), pinto beans (Phaseolus 62 

vulgaris L.), desi chickpeas (Cicer arietinum L.) and black chickpeas (Cicer arietinum L.). 63 

Moreover, the bioaccessibility of the selected phenolics has been investigated in black lentils (Lens 64 

culinaris Medik), black beans (Phaseolus vulgaris L.) and pinto beans (Phaseolus vulgaris L.). To 65 
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this purpose, a new HPLC-DAD method has been developed and validated. To determine the effect 66 

of plant tissue on polyphenols bioaccessibility, coats and cotyledons of three chosen varieties (black 67 

beans, black lentils and pinto beans) were separately digested using a standardized in vitro protocol. 68 

2. Material and Methods 69 

2.1 Reagents and chemicals 70 

Pure standard analytes, including gallic acid, catechin, chlorogenic acid, syringic acid, epicatechin, 71 

ferulic acid, rutin, quercetin, hydrochloric acid (HCl) and formic acid were obtained from Sigma–72 

Aldrich (Zwijndrecht, The Netherlands). Kaempferol 3-glucoside and delphinidin 3-glucoside were 73 

provided by Phytolab (PhytoLab GmbH & Co, Vestenbergsgreuth, Germany). 4-hydroxy-benzoic 74 

acid and ethyl acetate were purchased from Merck (Merck GmbH, Darmstadt, Germany). Cyanidin 75 

3,5-diglucoside, cyanidin 3-glucoside, pelargonidin 3,5-diglucode and cyanidin chloride were 76 

obtained from Extrasynthese (Genay, France). Porcine pepsin (P6887, 3.200-4.500 U/mg protein), 77 

pancreatin (P1750, 4X USP) and porcine bile extract (B8631) were purchased from Sigma-Aldrich 78 

Ltd. (St. Louis, MO, USA). HPLC grade methanol, acetonitrile, diethyl ether was acquired from 79 

Actu-All chemical (Oss, The Netherlands). Deionised water (< 8 M cm resistivity) was obtained 80 

from Milli-Q PureLab Ultra (Veolia Water Technologies, Ede, The Netherlands).  81 

2.2 Sampling and sample preparation  82 

Black lentils, pinto beans, ruviotto beans, black beans, black chickpeas and desi chickpeas were 83 

kindly provided by Fertitecnica Colfiorito (Fertitecnica Colfiorito S.r.l., Italy).  An aliquot of the 84 

dried seeds was directly powdered with a Miller mix (Miller mix MM 400, Retsch GmbH, Haan, 85 

Germany), passed through sieve n. 40 (0.420 mm) and the flour obtained was stored in an airtight 86 

container at -20 °C till extraction.   87 

Soaked and cooked samples were obtained following the instructions for use reported on the 88 

packaging of each legume. Soaking time for black lentils was 2 h and boiling time was 20 min; 89 

soaking time for black and pinto beans was 12 h and boiling time was 40 min. Each seed variety 90 
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was soaked with a fourfold weight of tap water and boiled in water in a ratio 1:9 (w:v). The cooked 91 

samples were manually de-hulled in order to obtain a coat fraction and a cotyledon fraction. 92 

Boiled seeds, coats and cotyledons from each sample were freeze dried (freeze drying, SALM EN 93 

KIPP, Breukelen, The Netherlands), milled (Miller mix MM 400, Retsch GmbH, Haan, Germany), 94 

sieved (particle size less than 500 µm) (Analysette Pulverisette, Laborette, FRITSCH GmbH, Idar-95 

Oberstein, Germany) and stored in an airtight container at -20 °C till the extraction. Soaking water 96 

and boiling water were also freeze dried. Prior of the HPLC analysis, they were reconstituted with 97 

methanol and then filtered on PTFE 0.20 μm filters (Phenomenex, Utrecht, Netherlands). 98 

2.3 Extraction of polyphenols 99 

Free phenolics were extracted using the method reported by Giusti et al. (Giusti et al., 2017) with 100 

few modifications. In brief, 1.5 g of the powdered sample was added with 7.5 mL of extraction 101 

solvent (ethanol and redistilled water in the ratio of 70/30, v/v), added with HCl 2N until pH 4 and 102 

extracted in an ultrasonic bath (Ultrasound bath, HBM Industriële, Moordrecht, The Netherlands) 103 

for 1 h at 40 °C. This procedure was repeated twice. After centrifugation (Heraeus Multifuge X3R, 104 

Thermo Scientific, Bleiswijk, The Netherlands) at 4415 g for 10 min at 3 °C, supernatants were 105 

pooled. This extract solution was filtered (PTFE 0.20 µm, Phenomenex, Utrecht, Netherlands) and 106 

then analyzed for the free phenolic fraction with HPLC-DAD. The obtained residues were blended 107 

twice with 7.5 mL of 2 N NaOH added with 0.01% EDTA 10 mM and 0.1% ascorbic acid for 1 h at 108 

room temperature on a multi reax shaking (Heidolph Instruments GmbH & Co., Schwabach, 109 

Germany) to release ester- or ether-linked phenolics. Both supernatants were pooled and adjusted to 110 

pH 2 by using 6 N HCl and extracted again using 10 mL ethyl-acetate:diethyl ether (50:50 v:v) 111 

twice. After centrifugation at 4415 g for 10 min at 3 °C, the supernatants were concentrated by a 112 

rotary evaporator at 20 °C (BÜCHI Labortechnik AG, Flawil, Switzerland). The residues were 113 

reconstituted with 10 mL methanol and analyzed for the bound phenolic fraction through HPLC-114 

DAD after filtration on 0.20 μm PTFE filters (Phenomenex, Utrecht, Netherlands). 115 

2.4 In vitro bioaccessibility study  116 
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Polyphenols bioaccessibility was studied in freeze dried cooked coat and cotyledon. After freeze-117 

drying, the material was reduced into fine powder (particle size <500 μm).  118 

The in vitro digestion followed the procedure published by Minekus and coworkers (Minekus et al., 119 

2014) starting with the careful blending of 5 g of dried sample with the simulated oral fluids for 2 120 

min at 37 °C.  121 

To start the gastric phase, 10 mL of simulated gastric fluid (SGF) were added to the mixture. SGF 122 

consisted of an electrolyte solutions (eSGF), a pepsin solution to achieve a 2000 U/mL activity in 123 

the final mixture, and HCl 1 N to adjust the pH to 3. The samples were then incubated for 2 h at 37 124 

°C. Finally, 20 mL of the gastric phase was mixed with 20 mL of simulated intestinal fluid (SIF), 125 

which consisted of an electrolyte solutions (eSIF), bile extract solution (10 mM bile salts in the final 126 

mixture), pancreatin (100 U/mL trypsin activity in the final mixture) and NaOH 1 N to adjust the 127 

pH to 7. The samples were then incubated for 2 h at 37 °C. At the end of the intestinal digestion, the 128 

digested samples were centrifuged and the collected supernatants were filtered and analyzed by 129 

HPLC-DAD. Bioaccessibility % for each phenolic was calculated by the following equation: 130 

���������������� % =  
������ �� �������� �� ��������� �����������

������ �� �������� �� �������� ������
 × 100  131 

2.5 HPLC/DAD analyses of phenolic compounds 132 

HPLC/DAD analysis was performed using a Dionex Ultimate 3000 apparatus (Thermo 133 

FisherScientific, Bleiswijk, The Netherlands) that includes a degasser, a quaternary pump, an auto 134 

sampler, a column thermostat and a PDA detector. The separation of the analytes was achieved on a 135 

RP-Polaris C18 column (150 x 4.6 mm I.D., 5 µm particle size) equipped with a Polar RP security 136 

guard cartridge (4 x 3 mm I.D.). The column temperature was set at 30 °C. The mobile phase 137 

consisted of 1% formic acid in water (v/v) (A) and methanol (B). Injection volume was 10 µL and 138 

the flow rate was kept at 1 mL/min for a total run time of 35 min. The gradient program was: 0 min 139 

90% (A), 17-22 min 40 % (A), 28 min 90% (A) 28-35 min 90% (A). HPLC/DAD analyses were 140 

performed monitoring three different wavelengths: 275 nm for gallic acid, catechin, 4-141 
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hydroxybenzoic acid, syringic acid, epicatechin, rutin and kaempferol 3-glucoside; 325 nm for 142 

chlorogenic acid, ferulic acid and quercetin; 550 nm for cyanidin 3-glucoside, pelargonidin 3,5-143 

diglucoside, delphinidin 3-glucoside, cyanidin chloride and cyanidin 3,5-diglucoside. Phenolic 144 

compounds were identified by comparing retention times and UV absorption spectra with available 145 

standards. Quantification was performed with standard curves of external standards generated by 146 

plotting HPLC peak areas against the concentrations (ppm) (r2≥ 0.99). 147 

2.6 Method validation 148 

The applied method was validated based on the previous method published by Giusti et al. in order 149 

to analyse a larger number of phenolic compounds simultaneously (Giusti et al., 2017). The method 150 

validation was performed taking into account the parameters of linearity, intraday and interday 151 

repeatability, limit of detection (LODs), limit of quantification (LOQs) and recovery. Method 152 

validation parameters can be found in Table 1, whereas a chromatogram of unprocessed black beans 153 

is shown in Figure 1. Repeatability of the chromatographic procedure was calculated injecting three 154 

replicate of a standard solution on the same day and on three different days. Run-to-run precision 155 

%RSDs ranged from 0.04% for rutin to 8.92% for ferulic acid; day-to-day precision ranged between 156 

0.15% for rutin to 9.56% for p-hydroxy-benzoic acid. The LODs and LOQs for each phenolic 157 

compound were obtained by the analysis of standard solutions at known concentrations of the 158 

analyte. Acceptable signal to noise ratios was set as 3:1 for the estimation of the LODs, and 10:1 for 159 

the LOQs. The LODs achieved with this method were 0.015 mg/kg for all the analytes with the 160 

exception of quercetin (0.03 mg/kg) and cyanidin 3,5-diglucoside (0.15 mg/kg). LOQs for all the 161 

analytes were 0.05 mg/kg with the exception of quercetin (0.1 mg/kg) and cyanidin 3-5-diglucoside 162 

(0.5 mg/kg). For each compound, the linearity of the analytical response was tested on a 6 points 163 

calibration curve in a concentration range from 0.5 to 50 mg/kg. The obtained coefficients of 164 

correlation were in any case higher than 0.992. Spiking studies at two fortification levels (10 and 20 165 

mg/kg) were performed on the pulse samples, and percentages of recovery ranged between 48.4% 166 

and 107.5% (10 mg/kg). For three analytes (i.e., gallic acid, cyanidin 3-glucoside and cyanidin 167 
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chloride) a recovery < 70% was obtained, which is anyway acceptable in a multiresidue 168 

methodology. Finally, quantification data of polyphenols in legumes were corrected for the 169 

recovery values obtained. The results are expressed as the mean of three independent samples ± SD.  170 

2.7 Statistical analysis 171 

Statistical analysis was carried out with Graphpad Prism 6 Version 6.01 – © 1992-2012. The results 172 

are expressed as the mean of three independent samples. Mean differences were tested using one-173 

way analysis of variance (ANOVA), a further Tukey’s test was applied. Data were considered 174 

significant for p<0.05. 175 

3. Results and Discussion 176 

3.1 Quantification of phenolic compounds in the raw legumes, soaking and boiling water 177 

The validated analytical method described in section 2.6 was used to study the phenolic profile of 178 

the raw material and to monitor any loss of phenolics in the soaking and boiling water (Table 2). 179 

Differences among legumes were observed in the total phenolic content (i.e., the sum of free and 180 

bound phenolics) of raw legumes and in the relative distribution of phenolics between the food 181 

matrix and the processing water (soaking and boiling water) (Table 2). Soaking water was coloured 182 

in all the trials indicating that some soluble coloured constituents, such as anthocyanins, flavonoids 183 

and tannins, had leached into the soaking water. Gallic acid was detected only in the soaking water 184 

of black beans. In black beans, 4-hydroxy-benzoic and syringic acids were detected only in the 185 

boiling water. These compounds may have been released from more complex phenolics like lignin 186 

(for syringic acid) or anthocyanins (for 4-hydroxy benzoic acid) following the hydrothermal 187 

process. Likely for the same reason, 4-hydroxy-benzoic acid was found in higher concentration in 188 

soaking water than in the raw material of chickpeas and ruviotto beans. The same trend was 189 

observed for catechin in chickpeas where soaking water was richer in catechin than the raw 190 

material, likely because of procyanidins depolymerisation. Among hydroxycinnamic acids, ferulic 191 

acid was present in high concentrations in beans and showed a significant loss during soaking and 192 

boiling in black, pinto and ruviotto beans, while the leaching of chlorogenic acid was observed only 193 
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in the soaking water of chickpeas. Some leaching in the soaking water was also observed for rutin 194 

and quercetin in black chickpeas. Kaempferol 3-glucoside was found in several legumes and at the 195 

highest concentration in ruviotto beans but was never detected in the soaking or cooking water. 196 

Cyanidin 3,5-diglucoside and cyanidin 3-glucoside were detected in the soaking water of raw black 197 

beans and pinto beans, respectively. Pelargonidin 3,5-diglucoside was not detected in the raw pinto 198 

beans due to a possible interaction with other matrix compounds that prevented an exhaustive 199 

extraction (Tarascou et al., 2010; Padayachee et al., 2013; Bordenave et al., 2014) but was detected 200 

in its soaking water probably due to a good water solubility of this compound. The same may hold 201 

true for delphinidin 3-glucoside in black chickpeas that was detected only in the soaking water. Raw 202 

black lentils showed the highest concentration of delphinidin 3-glucoside that was not detected in 203 

any of their processing water. Conversely, a loss of delphinidin 3-glucoside from raw black beans 204 

was detected in the boiling water. During boiling, therefore, thermal degradation of anthocyanins 205 

and other phenolics occurred as well as leaching in the boiling water. 206 

The presence of phenolics into the soaking and cooking water is due to the diffusion of the phenolic 207 

compounds from the food matrix. However, some phenolics (e.g., rutin, delphinidin-3-glucoside 208 

and quercetin) were found in soaking water but were not present in raw materials. An explanation 209 

could be that the hydrolysis of some glycosylated forms, which were present in the raw material, 210 

occurred and led to the aglycone form such as quercetin generated from rutin. However for other 211 

phenolics, such as rutin, chlorogenic acid and delphinidin-3-glucoside, the only reasonable 212 

explanation is that these phenolics were strongly bound to the cell wall material and could not be 213 

efficiently extracted but they could be released in the soaking water. Furthermore, the diffusion of 214 

phenolics in cooking water is certainly facilitated by the elevated temperature and by the destruction 215 

of the structural integrity of the vegetal tissue during cooking (Kebe et al., 2015). However, 216 

micro(structural) and compositional differences in legume tissues (e.g. a different content in fibers 217 

and starch, Xu et al., 2008) may determine differences in the molecular diffusivity of phenolics into 218 

soaking and cooking water as those observed in our samples.  219 



11 
 

3.2 Quantification in cooked legumes: localization of phenolic in coat and cotyledons 220 

The quantification of the free and bound phenolic fraction present in the coat and cotyledon of the 221 

analyzed legumes is shown in Tables 3 and 4, respectively. In general, from Tables 3 and 4 it can be 222 

noted that the cooking process strongly reduced the content in free and bound phenolic compounds 223 

in all the legumes studied. This loss was likely caused by thermal degradation of parent compounds 224 

or leaching in the cooking water (Zaupa et al., 2015). Interestingly, the phenolic content was much 225 

higher in the cooked cotyledon compared to the coat in all the legumes. This can be explained by a 226 

more substantial solubilization of phenolics from the coat but also to inward diffusion of the coat 227 

phenolics towards the cotyledon during the soaking step.  228 

Among hydroxycinnamic acids, ferulic acid was mostly present in bound form in coat and 229 

cotyledon of cooked black, pinto and ruviotto beans (Table 4). Free catechin was detected in cooked 230 

chickpeas coat and cotyledons (Table 3). The lack of this flavonol in the raw chickpeas might be 231 

explained by the release of monomers from oligomeric complexes (procyanidins) present in the raw 232 

material (Zaupa et al., 2015). As bound form, catechin in chickpeas showed a slight stability and 233 

small amounts were detected in both coat and cotyledons in cooked matrices. Free kaempferol 3-234 

glucoside was detected at a high concentration in cooked ruviotto cotyledons probably due to the 235 

high concentration found in the raw product (Table 3). Small amounts were found also in black 236 

lentils and its absence in the uncooked legume suggests that the extraction of kaempferol 3-237 

glucoside during cooking process was more efficient than the solvent extraction done in the raw 238 

seed. The highest concentration of free anthocyanins after cooking was found in black legumes. 239 

After cooking, small amounts of delphinidin 3-glucoside were found in black beans and black 240 

lentils cotyledons. It is interesting to note that the legume matrix might have played a protective 241 

role on the relatively thermally labile anthocyanins, compared to the leached anthocyanins, favoring 242 

its retention in the cooked product. However, the release of phenolics during extraction and 243 

processing can lead to co-pigmentation reactions where anthocyanins react with other molecules 244 

(co-pigments) like organic acids, metals, or anthocyanins themselves (self-association, 245 
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intermolecular copigmentation, intramolecular copigmentation, metal complexation), creating more 246 

complex molecules (Castaneda-Ovando et al., 2009; Sun et al., 2010).  This reaction may have 247 

affected the identification and quantification of anthocyanins in the present study (Jakobek et al., 248 

2011).  249 

3.3 In vitro study of bioaccessibility 250 

An in vitro gastrointestinal model was used to mimic the in vivo physiological steps of digestion. 251 

We decided to take in consideration only pinto beans, black beans and black lentils as these 252 

legumes were the richest sources of phenolic compounds among those analyzed. For each sample, 253 

we investigated the bioaccessibility of phenolic compounds from coats and cotyledons separately, 254 

to study the potential effect of the plant tissue on the release of phenolic compounds.  255 

The HPLC analysis of supernatants from gastric and intestinal digestion, however, highlighted a 256 

poor selectivity of the HPLC method for gallic acid and catechin, likely because of interferences 257 

from polar substances coming from the enzymes and/or the simulated digestion fluids used in the 258 

simulated digestion model (Figure not shown). For this reason, gallic acid and catechin could not be 259 

reliably monitored during digestion. Since phenolics are reported to variably interact with proteins, 260 

parallel simulated digestions without the addition of digestive enzymes were carried out for free 261 

phenolics extracts from pinto beans, black beans and black lentils to check any possible effect of 262 

interaction with the digestive enzymes on phenolics bioaccessibility. No significant differences 263 

were observed between the concentration of the phenolic compounds at the end of the intestinal 264 

phase in the system with digestive enzymes compared to simulated digestion without enzymes (data 265 

not shown). To investigate the bioaccessibility of phenolics from the legume matrix, finely freeze-266 

dried samples of coat and cotyledons have been used and the bioaccessibility % for each phenolic 267 

reported in Figure 2. Delphinidin 3,5-diglucoside, cyanidin 3-glucoside and cyanidin 3,5-268 

diglucoside were absent in the intestinal phase, probably due to their instability at intestinal pH, as 269 

repeatedly reported (Wahyuningsih et al., 2017; Loypimai et al., 2016).  270 
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Chlorogenic acid from coat and cotyledons of pinto and black beans was detected in the supernatant 271 

at the end of the intestinal phase. The same was observed for ferulic acid in pinto and black beans. 272 

Pelargonidin 3,5-diglucoside and delphinidin 3-glucoside were detected after intestinal digestion of 273 

coat samples of black beans. In black lentils, delphinidin 3-glucoside was released from coat and 274 

cotyledons. The release of anthocyanins from cotyledons could have been probably due to diffusion 275 

of coat anthocyanins to the cotyledon during the cooking process, as already hypothesized to 276 

explain the tannin inclusions in endosperm of colored varieties of rice after cooking (Zaupa et al., 277 

2016). Data from Figure 2 show that only a limited amount of legume phenolics may be released 278 

from the legume matrix during digestion and are available for absorption in the small intestine. This 279 

is mostly due to the strong physical interaction between free phenolics and cell wall material 280 

(Padayachee et al., 2013; Padayachee et al., 2012a; Padayachee et al., 2012b) and to the covalent 281 

bond between phenolic acid (mostly ferulic acid) and cell wall polysaccharides which cannot be 282 

cleaved by human pancreatic enzymes. The limited bioavailability of phenolics in the small 283 

intestine makes phenolics available for the microbial metabolism in large intestine where they can 284 

possibly exert a range of beneficial effects (Tomás-Barberán et al., 2016; Ahne et al., 2015). The 285 

loss of phenolics during digestion is also related to degradation of anthocyanins into smaller, still 286 

partly unidentified, compounds. Cyanidin 3-glucoside has been reported to be degraded to 287 

protocatechuic acid during gastrointestinal digestion (De Ferrars et al., 2014). Interestingly, no big 288 

differences were found in the bioaccessibility of the same phenolic compounds from coat and 289 

cotyledon, which suggests that the rate of release of phenolic compounds from different seed tissues 290 

is comparable at least when the tissues are finely ground. Further investigation is needed to 291 

elucidate whether the same holds true for a coarsely ground material, which is what would be 292 

expected after chewing of legumes.  293 
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4. Conclusions 294 

A simple, fast and cost-effective HPLC method was developed for the simultaneous determination 295 

of 14 polyphenols including 5 anthocyanins in legumes. This method was validated and proved to 296 

be specific, linear, precise, accurate and robust and can be used conveniently for routine phenolics' 297 

analysis. The phenolic content during preparation of six varieties of legume has been monitored to 298 

study the loss of phenolic compounds in the soaking and cooking water. Moreover, the content in 299 

phenolic compounds has been quantified separately in the cotyledon and the coat of cooked 300 

legumes. The results demonstrated a substantial loss of these substances in processing water and 301 

that the loss was largely dependent on the type of processed legume. This study has highlighted that 302 

the cooking process reduced the content in heat sensitive compounds such as anthocyanins, but, at 303 

the same time, favors the formation of simpler phenolics from complex ones. Finally, the in vitro 304 

simulated digestion of legume samples has revealed that only a small fraction of the phenolics 305 

initially present in the raw legume matrix is actually available for absorption in the small intestine. 306 

Whereas this may limit bioavailability of phenolic compounds, it may also contribute to the 307 

beneficial effect of legumes on gut and systemic health through modulation of gut microbiota 308 

metabolism.  309 
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Table 1: Retention times (Rt), absorbance wavelengths (λ), regression equations, linearity (R2), limits of detection (LODs), limits of quantification 425 

(LOQs), intraday and interday repeatability (expressed as relative % standard deviation) and extraction recoveries. Results are the mean of three 426 

independent experiments. 427 

Analytes 
Rt 

(min) 

λ 

(nm) 

Regression 

equations 
R2 

LODs 

mg/kg 

LOQs 

mg/kg 

Repeatibility Recoveries 

(%) Intraday Interday 

1 Gallic acid 3.8 275 y = 0.2706x + 0.0019 0.997 0.015 0.05 0.38 0.42 62.5 

2 Catechin 7.9 275 y = 0.0618x - 0.0215 0.998 0.015 0.05 0.28 0.61 107.2 

3 Cyanidin 3,5-diglucoside 8.3 550 y = 0.1792x - 0.1209 0.997 0.15 0.5 2.85 4.45 73.1 

4 p-Hydroxy-benzoic acid 8.3 275 y = 0.2913x + 0.0329 0.992 0.015 0.05 8.35 9.56 93.6 

5 Chlorogenic acid 8.8 325 y = 0.361x - 0.6526 0.993 0.015 0.05 0.07 4.05 107.5 

6 Delfinidin 3-glucoside 9.6 550 y = 0.3344x - 0.2419 0.997 0.015 0.05 2.24 3.27 103.0 

7 Syringic acid 9.8 275 y = 0.3604x - 0.5795 0.988 0.015 0.05 0.76 1.35 88.6 

8 Cyanidin 3-glucoside 11.1 550 y = 0.2249x + 0.2527 0.993 0.015 0.05 0.21 0.26 65.0 

9 Pelargonidin 3,5-diglucoside 11.9 550 y = 0.3569x - 0.1701 0.997 0.015 0.05 0.67 0.95 71.2 

10 Ferulic acid 12.9 325 y = 0.0725x + 0.0597 0.996 0.015 0.05 8.92 9.21 80.0 

11 Cyanidin chloride 15.5 550 y = 0.5605x + 0.77 0.999 0.015 0.05 1.08 3.74 48.4 

12 Rutin 15.5 275 y = 0.2836x + 0.0944 0.993 0.015 0.05 0.04 0.15 91.4 

13 Kampferol 3-glucoside 16.4 275 y = 0.2733x - 0.2056 0.998 0.015 0.05 0.56 1.88 80.9 

14 Quercetin 18.7 325 y = 0.8786x - 0.0163 0.995 0.03 0.10 1.22 1.41 84.4 

 428 

 429 

430 
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Table 2: Phenolic content (mg/100 g dry weight) in unprocessed raw dry legumes (UP), soaking water (SW) and boiling water (BW).  Phenolics 431 

identified in the unprocessed material are the sum of free phenolics and bound phenolics. Results are expressed as the mean  standard deviation of 432 

three independent samples. Different letters indicate significant differences (p<0.05) in the content of each single phenolic compound in UP or SW 433 

or BW of different legumes.  434 

  
GA 4 HBA 

 
SA FA ChA Cat Rut K 3 gluc Querc 

Cy 3,5 
digluc 

Cy 3 gluc 
Pel 3,5 
digluc 

Delp 3 
gluc 

Black 
beans 

UP 
21.3 
0.01a 

nd 
 

nd 
206.1 
0.58b 

8.2 
0.00c 

nd 
0.2 
0.01 

0.1 
0.00c 

0.3 
0.00 

0.4 
0.01 

20.2 
0.09a 

nd 
20.8 
0.27b 

SW 
10.0 
0.04 

nd 
 

nd 
94.5 
0.47b 

nd nd 
0.7 
0.19b 

nd nd 
0.7 
0.04 

nd nd nd 

BW 
nd 

4.4 
0.00 

 12.2 
0.03b 

137.0 
0.03a 

nd nd nd nd nd nd nd nd 
2.1 
0.03 

Black 
lentils 

UP 
10.0 
0.00b 

nd 
 4.3 

0.06a 
nd 

17.3 
0.83a 

nd nd nd nd nd nd nd 
207.2 
6.50a 

SW nd nd  nd nd nd nd nd nd nd nd nd nd nd 

BW nd nd  nd nd nd nd nd nd nd nd nd nd nd 

Pinto 
beans 

UP 
nd 4.6 

0.20a 
 2.3 

0.01b 
413.6 
6.62a 

10.0 
0.01b 

nd nd nd nd nd 
0.3 
0.01b 

nd nd 

SW 
nd 

nd 
 

nd 
113.7 
0.21a 

nd nd nd nd nd nd 
0.1 
0.00 

4.5 
0.01 

nd 

BW 
nd 

nd 
 

nd 
90.5 
0.06c 

nd nd nd nd nd nd nd nd nd 

Ruviotto 
beans 

UP 
nd 0.5 

0.02c 
 

nd 
85.9 
0.13c 

7.3 
0.16d 

2.3 
0.03b 

nd 
65.1 
1.8a 

nd nd nd nd nd 

SW 
nd 6.7 

0.01b 
 

nd 
49.6 
0.01c 

nd nd nd nd nd nd nd nd nd 

BW 
nd 

nd 
 

nd 
110.6 
1.87b 

nd nd nd nd nd nd nd nd nd 

Black 
chickpeas 

UP 
10.6 
0.10b 

0.5 
0.21c 

 2.2 
0.14b 

nd nd nd nd 
1.6 
0.01b 

nd nd nd nd nd 

SW 
nd 1.4 

0.26c 
 

nd nd nd nd 
13.4 
0.58a 

nd 
0.5 
0.59 

nd nd nd 
2.9 
0.02 

BW 
nd 

nd 
 33.5 

0.14a 
nd nd nd nd nd nd nd nd nd nd 

Chickpeas 
UP 

nd 2.1 
0.01b 

 2.0 
0.00c 

nd nd 
2.6 
0.04a 

nd nd nd nd nd nd nd 

SW nd 7.3  nd nd 5.2 115.5 nd nd nd nd nd nd nd 
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0.08a 0.00 0.04 

BW nd nd  nd nd nd nd nd nd nd nd nd nd nd 

GA: Gallic acid; 4 HBA: 4-hydroxybenzoic acid; SA: Syringic acid; FA: Ferulic acid; ChA: Chlorogenic acid; Cat: Catechin; Rut: Rutin; K 3 gluc: 435 

Kaempferol 3-glucoside; Querc: Quercetin; Cy 3,5 digluc: Cyanidin 3,5-diglucoside; Cy 3 gluc: Cyanidin 3-glucoside; Pel 3,5 digluc: Pelargonidin 436 

3,5-diglucoside; Delp 3 gluc: Delphinidin 3-glucoside.  437 

nd: not detected. 438 

 439 

  440 
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Table 3.: Free phenolics content of unprocessed (UP) pulses, coats and cotyledons (Coty) of cooked pulses quantified by HPLC-DAD and 441 

expressed as mg/100 g of dry weight sample. Results are expressed as the mean  standard deviation of three independent samples. Different letters 442 

indicate significant differences (p<0.05) in the content of each single phenolic compound in raw material or coat or cotyledon of different legumes.  443 

 
Black Beans Black lentils Pinto beans Ruviotto beans Chickpeas 

 
UP Coat Coty UP Coat Coty UP Coat Coty UP Coat Coty UP Coat Coty 

GA 
11.60 

0.01a 
1.29 
0.01 

8.75 

0.00a 

9.99± 
0.00b 

nd nd nd nd nd nd nd 
10.37 

0.02b 
nd nd nd 

4 HBA nd nd nd nd nd nd 
1.50 
0.03b 

nd nd 
0.45 
0.02c 

nd nd 
1.63 
0.00a 

nd nd 

SA nd nd 
0.79 
0.00b 

4.32 

0.06a 
nd 

1.15 
0.01a 

2.26 

0.01b 
nd nd nd nd nd 

1.95 

0.01c 
nd nd 

FA 
15.35 

0.01b 

0.10 

0.01a 

5.42± 
0.00a 

nd nd nd 
36.90 

0.05a 

0.06 

0.12b 

4.93 

0.02b 

14.86 

0.10c 

0.02 

0.00c 

0.27 

0.00c 
nd nd nd 

ChA 
8.22 

0.00c 
0.02 
0.01 

1.36 

0.05b 

17.30 

0.83a 
0.02 
0.05 

1.72 

0.03a 

9.98 

0.01b 
0.02 
0.03 

1.34 

0.00b 

7.24 

0.16d 
0.02 
0.00 

1.23 

0.05c 
nd nd nd 

Cat nd nd nd nd nd nd nd nd nd nd nd nd nd 
0.52 
0.02 

20.75 
0.23 

Rut 
0.22 
0.01a 

nd nd nd nd nd nd nd nd nd nd nd 
0.01 
0.00b 

nd nd 

K 3 gluc 
1.35 

0.00b 
nd nd nd 

0.03 

0.00b 
nd nd nd nd 

62.52 

1.79a 

0.13 

0.00a 
3.64 
0.01 

nd nd nd 

Querc 
0.33 
0.00 

nd 
0.05 
0.00 

nd nd nd nd nd nd nd nd nd nd nd nd 

Cy nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cy 3,5 
digluc 

0.39 
0.02 

0.01 
0.01 

nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cy 3 gluc 
20.16 

0.09a 
nd nd nd nd nd 

0.31 

0.01b 
nd nd nd nd nd nd nd nd 

Pel 3,5 
digluc 

nd 
0.01 
0.02 

nd nd nd nd nd nd nd nd nd nd nd nd nd 

Delp 3 gluc 
20.77 

0.27b 
0.01 
0.00 

0.33 

0.00a 

206.42 

6.50a 
0.02 
0.02 

1.77 

0.06b 
nd nd nd nd nd nd nd nd nd 

GA: Gallic acid; 4 HBA: 4-hydroxybenzoic acid; SA: Syringic acid; FA: Ferulic acid; ChA: Chlorogenic acid; Cat: Catechin; Rut: Rutin; K 3 gluc: 444 

Kaempferol 3-glucoside; Querc: Quercetin; Cy 3,5 digluc: Cyanidin 3,5-diglucoside; Cy 3 gluc: Cyanidin 3-glucoside; Pel 3,5 digluc: Pelargonidin 445 

3,5-diglucoside; Delp 3 gluc: Delphinidin 3-glucoside.  446 

nd: not detected. 447 
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Table 4: Bound phenolics content of unprocessed (UP) pulses, coats and cotyledons (Coty) of cooked pulses quantified HPLC-DAD and expressed 448 

as mg/100 g of dry weight sample. Results are expressed as the mean  standard deviation of three independent samples. Different letters indicate 449 

significant differences (p<0.05) in the content of each single phenolic compound in raw material or coat or cotyledon of different legumes.  450 

 451 

 
Black Beans Black lentils Pinto beans Ruviotto beans Chickpeas 

 
UP Coat Coty UP Coat Coty UP Coat Coty UP Coat Coty UP Coat Coty 

GA 
9.68 
0.01 

nd nd nd 
0.80 
0.00 

nd nd nd nd nd nd nd nd nd nd 

4 HBA nd nd nd nd nd nd 
3.08 

0.23a 
0.01 
0.00 

nd nd nd nd 
0.48 

0.00b 
nd nd 

SA nd nd nd nd 
0.01 

0.00b 
1.10 
0.02 

nd 
0.01 

0.00b 
nd nd nd nd nd 

1.44 

0.02a 
nd 

FA 
190.78 

0.58b 

0.67 

0.02a 
10.36 
0.03a 

nd 
0.02 

0.00c 
nd 

376.73 

6.57a 

0.57 

0.01b 
16.94 
0.98b 

71.03 

0.03c 

0.67 

0.00a 
81.25 
1.45a 

nd nd nd 

ChA nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cat nd nd 
0.30 

0.00d 
nd 

0.09 
0.00a 

5.09 

0.01a 
nd 

0.08 

0.01a 

0.46 

0.01b 
2.30 
0.04 

0.05 

0.00b 

0.33 

0.00c 
2.65 
0.04 

0.01 

0.00c 

0.22 

0.00e 

Rut nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

K 3 gluc nd nd nd nd 
0.01 
0.00 

0.67 

0.01a 
nd nd nd 

2.60 
0.03 

nd 
0.51 

0.00b 
nd nd nd 

Querc nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cy 3,5 digluc nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cy 3 gluc nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Cy nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Pel 3,5 digluc nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Delp 3 gluc nd nd nd 
0.70 
0.00 

nd nd nd nd nd nd nd nd nd nd nd 

GA: Gallic acid; 4 HBA: 4-hydroxybenzoic acid; SA: Syringic acid; FA: Ferulic acid; ChA: Chlorogenic acid; Cat: Catechin; Rut: Rutin; K 3 gluc: 452 

Kaempferol 3-glucoside; Querc: Quercetin; Cy 3,5 digluc: Cyanidin 3,5-diglucoside; Cy 3 gluc: Cyanidin 3-glucoside; Pel 3,5 digluc: Pelargonidin 453 

3,5-diglucoside; Delp 3 gluc: Delphinidin 3-glucoside.  454 

nd: not detected 455 

  456 
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Figure 1: HPLC-DAD chromatogram of unprocessed black beans. The peak identification of 
the different polyphenols was observed at 275 nm (panel a), at 375 nm (panel b), and at 550 
nm (panel c). (1) gallic acid, (2) chlorogenic acid, (3) ferulic acid, (4) rutin, (5) kaempferol 3 
glucoside, (6) quercetin, (7) cyanidin 3-5 diglucoside, (8) cyanidin 3 glucoside, (9) 
delphinidin 3 glucoside. 
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 467 

 468 

 469 

Figure 2. Bioaccessibility (%) of polyphenols from coat and cotyledon of cooked black beans, black 470 

lentils and pinto beans at the end of an in vitro simulated gastro-intestinal digestion. Each data point 471 

is the reported as average of 2 independent digestions ± SD. 472 


