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Binding of Zn by three starchy legumes in the 
presence of Zn alone or with Fe, Ca, Mg and Cu 
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Zn-binding capacity of butter beans, broad beans and lentils in the raw, cooked 
and fibre-rich fraction (FRF) forms; with Zn addition alone, and with Fe, Ca, 
Mg and Cu (at concentrations based on the recommended daily allowance) was 
investigated in conditions simulating the small intestine. The FRFs gave the 
highest Zn-binding levels with separate Zn addition, and the lowest with Zn 
addition in combination with other minerals. Overall, the raw and cooked forms 
were found to bind significantly (P < 0.01) more Zn than the FRFs. Also more 
significant, (P < 0.01), Zn-binding was noted when Zn was added together with 
Fe, Ca, Mg and Cu than with Zn addition alone. 

INTRODUCTION 

Mineral availability to man, particularly from plant 
foods, is known to be affected by the accompanying 
dietary fibre and phytates. The competitive binding of 
other minerals is similarly reported to affect mineral- 
binding. Evans and Hahn (1974) showed that Cu and 
Cd reduced the uptake of Zn by rats. Similarly, in a 
study on the interaction of Fe and Zn in the human 
intestine by Solomons and Jacob (1981) using 
FeSO4.7H20 and ZnSO4.7H20 as Fe and Zn sources, a 
ratio of Fe :Zn  of 1 : 1 slightly inhibited Zn absorption, 
while .Fe : Zn ratios of 2 : 1 and 3 : 1 substantially inhib- 
ited Zn uptake. O'dell (1969) reported a synergistic 
binding effect of phytates for zinc and calcium and zinc 
and copper. 

MATERIALS AND METHODS 

Legmne samples and model fibres 

Mature and healthy seeds of butter beans (Phaseolus 
lunatus L.), were supplied by Whitworths; broad beans 
(Vicia faba L., minor), from the Agricultural Research 
Corporation, Shambat (Sudan), and lentils (Lens culi- 
naris L.), purchased from the local market, Reading. 

Solka floc, crystalline cellulose, (Johnson Jorgensen 
Wetter, UK) and carboxymethylcellulose (CMC) 
(Whatman) were included as model fibres for cellulose 
and hemicellulose (heterogeneous) present in legumes. 
CMC contains a definite number of carboxymethyl 
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groups and its mineral-binding saturation level is 
related to the number of free carboxyl groups. One 
advantage of the two models chosen, other than the 
high fibre content, was that they contain only small 
amounts of endogenous minerals. 

Cooked sample preparation 

Seeds of each sample were cleaned and soaked in dis- 
tilled water ( 1 : 5  w/v ratio), at room temperature 
overnight (16 h); a few crystals of thymol were added 
to hinder microbial growth. The swollen seeds and un- 
absorbed water were autoclaved at 121°C, 15 psi (103-4 
KN/m2) for 1-25 h. The whole cooked material was 
then cooled, blended and spread together with rinsing 
distilled water on trays. The latter were transferred to a 
freeze-drier and left 48 h with a shelf heat of 22°C. The 
freeze-dried cooked legumes were then finely ground to 
pass a 60 mesh (1.67 mm2) sieve. 

FRF preparation 

Pancreatin (Grade 4 from porcine pancreas, Sigma), 
was used for a double digestion technique at 37°C. The 
pancreatin was first suspended in phosphate buffer, pH 
7, (3 g in 27 ml), well stirred using a magnetic stirrer 
for 15 min and centrifuged at 10 000 rpm for 20 min. 
The residue was similarly treated and the supernatants 
were used as the pancreatin solution. A portion (40 ml) 
of the latter was added to 100 g cooked legume flour, 
the volume was made up to 1 litre using Gomori's 
buffer (pH 7); a few crystals of thymol were added to 
stop microbial growth and stirred overnight at 37°C. 
After centrifugation, the residue was similarly digested. 
The slurry was then centrifuged and the remaining 
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FRF was placed in a forced air oven at 35°C overnight, 
then placed in a vacuum oven at 35°C overnight to 
complete drying, ground to pass the 20 mesh sieve and 
further dried under vacuum overnight. 

Proximate analysis including endogenous minerals 

The moisture and ash contents were determined using 
the AACC (1983) method. Protein % was determined 
using the Leco FP228 nitrogen analyser and multiply- 
ing the nitrogen % by the factor 6.25. The endogenous 
Zn, Fe, Ca, Mg and Cu were determined using the 
AACC (1983) method. 

Phytic acid determination 

The method of Latta and Eskin (1980) was followed 
with some modifications. For extraction of phytate the 
method of Chang et al. (1977), using trichloroacetic 
acid and warming at 60°C, was used. 

Preparation of buffer solution (Gomori's buffer) 

tris-Maleate solution (0-02M, 25 ml) (made by dissolv- 
ing 24.2 g Trizma base. Sigma and 19.6 maleic anhy- 
dride in 1 litre deionized water) and 24 ml 0.2M NaOH 
were diluted to 100 ml. 

Mineral concentrations 

The salts: ZnSO4.7H20, FeSO4.7H20, CaCO3.2H20, 
MgSO4.7H20 and CuSO4.5H20 were taken as mineral 
sources. The stock solution of each metal was made by 
dissolving an appropriate amount in 1 ml of conc. HCI 
and diluting to 100 ml so that 1 ml of the mineral solu- 
tion could give the required concentration in 100 ml 
buffer solution. 

Atomic absorption standards 

A working standard was prepared from Zn stock solu- 
tion to cover the concentration ranges expected in the 
filtrates of  the Zn-binding tests and give reasonable 
absorption readings with the atomic absorption 
spectrophotometer (AAS). The stock mineral concen- 
trations used were checked against diluted aliquots 
from the BDH Certified Atomic Absorption Reference 
Solution for each mineral. 

Zn adsorption isotherm 

Zn concentrations, lower and higher than that selected 
for Zn-binding tests, were added to raw broad beans. 

Buffer-soluble endogenous Zn 

The method used by Camire and Clydesdale (1981) was 
followed with some modifications. Cooked legume 
flour (1 g, on dry basis) was accurately weighed into a 
250 ml Erlenmeyer flask and 99 ml of Gomori 's  buffer 
solution were added with stirring. The pH was adjusted 

to 7 (+ 0.05) with 0.5 M NaOH where necessary. The 
flasks were tightly covered using Nescafilm and/or cling 
film and incubated at 37°C for 24 h with moderate 
shaking. Solutions were filtered through a Whatman 
No. 1 filter paper (diameter 7 cm) in a Buchner funnel 
with vacuum aspiration; filtrates were placed in glass 
sample bottles and kept at 2°C for analysis. For  the 
FRF, the amount equivalent to that in 1 g (on dry 
basis) cooked legume flour (butter beans, 0-2445 g; 
broad beans, 0.3296 g and lentils, 0.277 g) were accur- 
ately weighed and placed in a 250 Erlenmeyer flask. 
Gomori 's  buffer (99.5 ml) was added and the whole 
treated in a similar manner to the cooked flour. A 
blank of 100 ml buffer solution was treated similarly. 

The buffer-soluble endogenous Zn was measured 
using the AAS. 

Zn-binding, after the addition of Zn separately, or with 
Fe, Ca, Mg and Cu 

The mineral-binding experiments were carried out in 
conditions simulating the small intestine, using a tris- 
maleate buffer solution at pH 7 (Camire & Clydesdale, 
1981), and an incubation period of  24 h at 37°C with 
moderate shaking. The concentrations of the minerals 
added were standardized throughout. The levels used 
were based on approximately half the Recommended 
Daily Amount (RDA) for Zn and Fe (DHSS, 1979) 
and Cu (FAOAVHO), for an adult man, and on less 
than that for Ca and Mg as the endogenous level of 
each was high in the legumes studied. 

Each test was carried out in a 250-ml conical Erleno 
meyer flask in which was placed 1 g (on dry basis) of 
the raw or cooked legume, Solka floc or CMC or the 
FRF equivalent to that in 1 g (on dry basis) cooked 
legume flour. For Zn added alone, 1 ml of Zn stock 
solution was added and the volume made up to 100 ml 
using Gomori 's  buffer. For added mineral(s) other than 
Zn, 1 ml of each stock mineral solution was added and 
1-0-3.5 ml 0-2M NaOH were added within the I00 ml 
volume, to keep the pH at 7 + 0-05. Three replicates 
were carried out for each test. 

Apparatus 

The AAS, Unicam SP9, was used to measure Zn under 
213.9 nm, 8-10 mA lamp current and stoichiometric 
flame conditions. 

Statistical treatment 

The analysis of  variance was carried out for Zn-binding 
data. However, the standard error of  difference (SE) 
was applied particularly in the case of trends that were 
slightly dissimilar. 

RESULTS 

The means of three replicates for the moisture content 
of raw butter beans, broad beans and lentils were 
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Table 1. The mean (__ SD) endogenous Zn, Fe, Ca, Mg and Cu in raw butter beans, broad beans and lentils and their fibre rich 
fractions (FRF) [with the % of the FRF contribution] and in Solka floe and carboxymethylcellulose (CMC) (in mg/100 g)~ 

Sample Mean endogenous mineral (mg/100 g) 
(1 g on dry basis) 

Zn Fe Ca Mg Cu 

Butter beans 
Raw 
FRF 

Broad beans 
Raw 
FRF 

4.4 + 0.12 6.8 + 0.16 106-0 + 0.65 138.1 + 0.95 0.32 _+ 0.07 
3-0 _+ 0.26 18.1 + 0.70 07-7 + 0.62 28.6 + 0.77 l - l l  + 0.02 

(16-8) (65.1) (22.5) (5.1) (84-8) 

5.8 + 0.27 11.0 + 0.32 167.0 _+ 1.06 154.5 + 1.08 0.91 + 0.07 
2.9 _+ 0.36 23.6 + 0.52 172.6 + 0.61 42.4 _+ 0.77 1.40 _+ 0.01 

(16.5) (70.9) (34-1 ) (9.0) (50.7) 

Lentils 
Raw 4.8 + 0.1 12.2 + 0.41 150.5 + 1.03 108-0 + 0-55 0.91 + 0.07 
F R F  6-2 + 0.36 39.2 + 0.66 163.3 + 0.65 34-9 + 0-71 3.00 + 0.20 

(35.8) (89-0) (30.1) (9.0) (91.3) 

Solka floc 0.5 + 0.07 11-3 _+ 0-40 18-8 + 0.20 12-0 + 0.45 0-22 + 0.00 

CMC 0-4 + 0.07 7-4 + 0-07 4-3 + 0.30 4.5 + 0.07 0-20 + 0-00 

,, The F R F  (in g) equivalent to 100 g (dry wt) of butter beans, broad beans and lentils is 24.45, 32-96 and 27.70, respectively. 
The endogenous mineral of the F R F  as % of that in the raw legume is shown within parentheses. The figures are the mean of 3 
individual replicates. Cooked legumes were expected to have the same endogenous mineral concentrations of the raw form as 
neither soaking nor cooking water was discarded during preparation. 

found  to be 10.9, 6.5 and 8.8 %, respectively;  the p ro-  
tein contents  were 24.6, 33.9 and  28-5%, respectively 
and the ash contents  4.6, 4.1 and 3.1%, respectively.  

The F R F  p repa ra t i on  me thod  recovered an insoluble  
residue conta in ing  a complex  mixture  o f  non-s ta rch  
po lysacchar ides  (32.1, 38.1 and 27.1 g/100 g on d ry  
basis for bu t te r  beans,  b r o a d  beans  and  lentils, respec- 
tively), prote in ,  lignin and starch.  

The  endogenous  Zn,  Fe,  Ca, M g  and  Cu contents  o f  
the raw and  F R F s  are  presented  in Table  1. The  phyt ic  
acid contents  o f  the invest igated legumes in the raw, 
cooked  and F R F  forms are  shown in Table  2. 

The mois ture ,  protein,  ash, minera l  values and  phyt ic  
acid con ten t  (par t icu lar ly  for the raw forms)  were 
found to be in fair agreement  with those in the literature. 

The buffer-soluble  endogenous  Zn  amoun t s  for the 
s tudied legumes and mode l  fibres, under  condi t ions  
s imula t ing  the small  intestine,  are  shown in Table  3. 
The  endogenous  Zn o f  the raw and  cooked  forms gave 
the range o f  66-98 % buffer solubi l i ty  c o m p a r e d  with 
42-60% for the F R F s  and  the mode l  fibres. In  fact, 
dur ing  the p r epa ra t i on  o f  the F R F ,  subs tant ia l  
amoun t s  o f  Zn were dissolved.  

The  adso rp t ion  i so therm test (using raw b r o a d  

Table 2. The mean (+ SD) phytic acid content of the raw and 
cooked legumes (butter beans, broad beans and lentils) and 

their fibre-rich fractions (FRF) 

Sample Phytic acid (%) 

Raw Cooked F R F  

Butter beans 0.96 _+ 0-02 0-48 + 0-02 0.1 t + 0.01 
Broad beans 1.50 + 0.01 1.33 + 0.03 0-42 ± 0.01 
Lentils 0.86 + 0-02 0-34 + 0.01 0.13 + 0.01 

beans)  showed that  Zn  concen t ra t ions  o f  1, 2, 3 and  
4 p p m  fall wi thin the Nerns t i an  curve, indica t ing  the 
po ten t ia l i ty  for extra  b inding  sites. This  reflects the 
sui tabi l i ty  o f  Zn concen t ra t ion  (2 ppm)  appl ied  for 
Zn-b ind ing  exper iments .  The mean values o f  Zn (with 
separa te  Zn add i t ion  or  with Fe, Ca, M g  and Cu) 

Table 3. The mean (-+ SD, in ppm) and % of the buffer-soluble 
endogenous Zn of raw and cooked legumes (butter beans, broad 
beans and lentils) and their fibre rich fractions (FRF) and of 
Solka floc and carboxymethylcellulnse (CMC) . 

Sample Mean buffer-soluble % of the buffer-soluble 
(on dry basis) endogenous Zn endogenous Zn 

Butter beans 
Raw (10 g) 0-43 + 0.01 (98) 
Cooked (10 g) 0-40 + 0.01 (90) 
F R F  (2-445 g) 0-03 + 0.01 (42) 

Broad beans 
Raw (10 g) 0.43 + 0.02 (74) 
Cooked (I0 g) 0.38 + 0.01 (66) 
F R F  (3.296 g) 0.14 + 0.01 (47) 

Lentils 
Raw (10 g) 0-43 + 0.01 (90) 
Cooked (10 g) 0.42 + 0.02 (88) 
FRF  (2.77 g) 0.10 + 0.01 (59) 

Solka floc (10 g) 0-03 + 0.01 (60) 

CMC (10 g) 0.02 + 0-01 (50) 

,, To simulate the small intestine, Gomori 's  buffer (pH 7) was 
used with incubation at 37°C and moderate agitation for 
24 h. Values in ppm are equivalent to mg/10 g or mg/FRF 
equivalent of 10 g as 1 g sample (or its F R F  equivalent) was 
analysed in 100 ml. % of the buffer-soluble endogenous 

Zn = Buffer-soluble endogenous Zn (ppm) × 100 
Endogenous Zn content in mg/lO g (Table 1) 
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Table 4. The mean (_+ SD, in ppm) and % of Zn (added and buffer-soluble endogenous amounts) 
bound by the raw and cooked legumes (batter beans, broad beans and lentils) and their equivalent 
fibre rich fractions, (FRF), and by Solka Hoc and carboxymethylcellulose (CMC) with Zn and 

Zn + Fe + Ca + Mg + Cu additions under conditions simulating the human intestinal tract a 

Sample (on dry basis) The bound Zn (and its %b) by legumes, FRFs, Solka floc or 
CMC with the addition of Zn separately or in combination 

Added Zn (2 ppm) Added Zn, Fe, Ca, Mg and Cu (2, 5, 
10, 100 and 1 ppm respectively) 

Butter beans 
Raw (10 g) 0-87 + 0-01 (35.8) 2-18 + 0.04 (89.7) 
Cooked (10 g) 1-17 + 0.01 (48.8) 1.95 + 0.03 (81.3) 
FRF (2.445 g) 1-21 + 0.02 (59.6) 0.66 + 0.02 (32.5) 

Broad beans 
Raw (10 g) 1-23 + 0.01 (50.6) 2.20 _+ 0.02 (90.5) 
Cooked (10 g) 1.32 + 0.01 (55.5) 1.82 + 0.04 (75.6) 
FRF (3.296 g) 1.39 + 0.04 (65-0) 1-32 + 0.02 (61-7) 

Lentils 
Raw (10 g) 1.03 + 0-01 (42.4) 2.23 + 0.02 (91.8) 
Cooked (10 g) 1.13 + 0.03 (46.7) 1.88 + 0.03 (77.7) 
FRF (2.77 g) 1-50 + 0.01 (71.4) 1.10 + 0-02 (52.4) 

Solka floc (10 g) 0-30 + 0.02 (14.8) 0.00 

CMC (10 g) 0.31 + 0.02 (15.3) 0.03 + 0.01 

,, The Zn bound (the average of 3 replicates) was calculated by subtracting the mean of Zn in the 
supernatant from the total added (2 ppm) and buffer-soluble endogenous amounts. Values in ppm 
were equivalent to mg/10 g of the raw and cooked samples or mg/equivalent FRF; as the volume 
used in analysis was 100 ml and the weights were 1 g and its equivalent FRF. 

The amount of Zn bound 
h % of Zn bound -- x 100 

Amount of added Zn + buffer--soluble endogenous Zn (Table 3) 

bound are presented in Table 4. The amounts of  Zn 
bound were calculated by subtracting the Zn detected 
in the supernatant from the total Zn (added Zn and 
available buffer-soluble endogenous Zn). 

From the ANOVA of the Zn binding data, the 
significance of the effects (particularly for the addition 
and form factors) was noted and illustrated in Fig. I. 

DISCUSSION 

The following conclusions were drawn. 

(1) In total, a greater amount  of  Zn was bound 
significantly to broad beans and lentils than 
butter beans. This can be attributed partly to the 
F R F  of broad beans and lentils and its relatively 
higher phytic acid content (Table 2). In the raw 
form, proteins, which are comparatively higher 
in broad beans (and lentils), provide considerable 
binding sites. On the other hand, after cooking 
and protein denaturing, the complex formation 
with the released phytic acid and other minerals 
may account for a great part  of  the Zn-binding. 

There was no significant difference (< 2SE) in 
the Zn-binding capacity of  broad beans and 
lentils. 

Maddaiah et al. (1964) found that Zn forms 
stable complexes with phytate in vitro. In 
agreement with this, Weingartner et al. (1979), 

(2) 

investigating the effect of  legume bran on the 
bioavailability of  Zn from a soy flour-based rat 
diet, found the addition of  legume bran, unlike 
wheat bran, to have no effect on the availability 
of  Zn. This was attributed to the presence of 
phytates in legumes in the cotyledon but not in 
the hull (Walker, 1982). 
Overall, more Zn was significantly bound to the 
raw and cooked forms than the FRF.  However, 
there was no significant difference (< 2 SE) in 
the binding capacity of  the raw and cooked 
forms. 

In fact, considering the separate Zn addition, 
Zn-binding of the legume forms was found to be 
in the order F R F  > cooked > raw, and in the 
order raw > cooked > F R F  with Zn addition 
in combination with Fe, Ca, Mg and Cu. Zn- 
binding, with separate Zn addition, seems to 
be enhanced by cooking. In agreement with 
higher Zn-binding after cooking, Clydesdale and 
Camire (1983) reported a significant increase in 
Zn-binding (0.075 mg/g) by defatted soy flour at 
pH 6-8 after incubation at 30°C, 24 h, because of 
boiling. However, the binding may be attributed 
primarily to the Zn-phyta te  complex formation, 
as phytates are released on cooking. In this 
study, the relatively lower Zn-binding by the 
FRFs,  which have more binding sites and are of  
low phytate content, confirms this. 
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Fig. 1. The mean Zn-binding values of raw and cooked legumes ((a) butter beans, (b) broad beans and (c) lentils) and their 
equivalent fibre-rich fractions (fibre) with Zn and Zn + Fe + Ca + Mg + Cu additions under conditions simulating the human 

intestinal tract. 

(3) Zn added in combination with Fe, Ca, Mg and 
Cu clearly resulted (in total) in a higher binding 
capacity of the legumes studied, than the Zn 
added separately. 

As noted in Table 4, Zn-binding of the raw 
and cooked legumes was markedly higher when 
added in combination with the Fe, Ca, Mg 
and Cu. For the FRFs, the low phytic acid 

content could explain the opposite effect of the 
competing (added) minerals. Instead of partici- 
pating in complex formation (with phytic acid), 
other minerals may occupy some binding sites on 
dietary fibre, thus reducing Zn-binding. 

The model fibres, cellulose and CMC, gave low levels 
for Zn-binding (Table 4) with relatively more binding 
for Zn added separately. Thompson and Weber (1979), 
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investigating the endogenous Cu, Zn and Fe of six 
fibres including soy bran and cellulose (at pH 6.8 and 
incubation for 2 h in a water bath at 40°C with shak- 
ing), suggested the cellulose binding capacity for zinc to 
be lower than that of  hemicellulose. They also added, 
the lower the protein content of  fibre, the lower the 
zinc remaining bound, indicating that Zn-binding was 
due partly to protein. 

However, binding of added zinc (source: zinc sul- 
phate heptahydrate) to the N D F  and A D F  of cooked 
pinto beans, in vitro at pH 6-5 _ 0.05, was found to be 
almost at the same levels (Lee & Garcia-Lopez, 1985). 
Investigating the binding of Zn by wheat bran (1 g of  
bran in 100 ml zinc chloride solution, 1 ppm, at pH 
6.41 and temperature 37°C), Rendleman and Grobe 
(1982) reported the binding of 98% of added Zn ions. 
They found that the bran water-soluble components,  
mainly phytate, have about 39% of the total binding 
power, while the acid-treated water-soluble fraction has 
60-70%. The combination of cellulose~ starch, hemi- 
cellulose and pectin was not greater than 10%. 

The effect of  addition of 5 minerals (including Zn) on 
cellulose and CMC, as shown by the FRFs, considerably 
lowers the Zn-binding capacity. This may suggest a role 
for dietary fibre in the Zn-binding of FRF. As for the raw 
and cooked legumes, protein and phytates, respectively, 
may be more important in affecting Zn-binding. 
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