
1 
 

Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published 

version for accuracy and citation. Published in J. Food Comp. Anal., 45, (2016) 58-65, doi: 

10.1016/j.jfca.2015.09.011 

 

 

Determination and Evaluation of Metal Bioaccessibility in Some Nuts and Seeds  

by in Vitro Gastro-Intestinal Method  

 

 

Burcu Kafaoglu
a
, Andrew Fisher

b
, Steve Hill

b
 and Derya Kara

a*
 

 

Department of Chemistry, Art and Science Faculty, Balikesir University, 10100 Balikesir, 

Turkey 

School of Geography, Earth and Environmental Sciences, Plymouth University, Drake 

Circus, Plymouth, Devon PL4 8AA, UK 

 
NOTICE: this is the author’s version of a work that was accepted for publication in Journal of Food 

Composition and Analysis. Changes resulting from the publishing process, such as peer review, 

editing, corrections, structural formatting, and other quality control mechanisms may not be 

reflected in this document. Changes may have been made to this work since it was submitted for 

publication. A definitive version was subsequently published in Journal of Food Composition and 

Analysis [VOL 45, (2016)] DOI 10.1016/j.jfca.2015.09.011 

 

 

 

Abstract 

 

Metal bioaccessibility in some nuts and seeds has been determined by performing a 

physiologicallybased extraction test.  Nine trace metallic analytes (B, Ca, Co, Cu, Fe, Mn, 

Mg, Ni and Zn) in gastric and intestinal phase extractions of nuts and seeds were determined 

using inductively coupled plasma-atomic emission spectrometry and inductively coupled 

plasma-mass spectrometry. Hazelnuts, almonds, sunflower seeds, peanuts, cashew nuts, 

Brazil nuts, walnuts, chickpeas, pumpkin seeds and pistachio nuts were used as the materials 

in this study. The bioaccessible portions of magnesium and calcium were found to be higher 

than for the other elements whereas the B bioaccessibility was the lowest for each of the 

different types of nuts and seeds. Based on an ingestion rate of 10 g day
−1

, the amounts of B, 

Ca, Co, Cu, Fe, Mn, Mg, Ni and Zn  from the nuts and seeds accessible to the body were 

found to be lower than the Tolerable Upper Intake Levels. The data were also subjected to 

chemometric evaluation using tools such as Principal component analysis (PCA) and linear 
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discriminant analyses (LDA) in an attempt to classify the nuts and seeds according to these 

elements bioaccessibility and to find out which elements are more bioaccessible in gastric 

and intestinal ingestions.   

Keywords: Nuts and seeds, metals, bioaccessibility, principal component analysis, linear 

discriminant analyses (LDA) 
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Introduction 

Nuts and seeds are not only rich in fiber and protein, but they also contain numerous other 

nutrients. These include  high levels of mono and polyunsaturated fats, omega-3 fatty acids as 

well as other bioactive compounds including several antioxidants, which are important for 

heart health and can lower cholesterol levels and improve cardiovascular outcomes through 

their lipid lowering, anti-inflammatory, antioxidant, vasoactive, and anti-arrhythmic effect. 

The American Heart Foundation recommends including some nuts and seeds in the diet daily 

because of these apparent benefits to heart health (Tupper 2012; Yang et al. 2009; Lee et al. 

2011). Nuts and seeds are also rich in micronutrients such as folic acid and niacin, vitamins 

(E and B6) and minerals (Ca, Cr, Mg, Mn, Cu, Fe, Zn, Se, P and K). Vitamin E, folate, 

manganese, and selenium are very important in the body as they help fight damage-causing 

free-radicals and are therefore thought to protect against cancers. Nuts are also a good source 

of minerals such as zinc and magnesium and the B vitamins which are essential for energy 

(Tupper 2012; Nascimento et al. 2010; Naozuka et al. 2011). In addition,  nuts and seeds also 

contain micronutrients such as copper, chromium, iron, zinc and selenium that are essential 

for human health.  Some toxic elements such as Pb, Cd and Hg can also be transferred to nuts 
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and seeds through handling, including food processing and packaging and can cause potential 

health effects in human body (Rodushkin et al. 2008).  

Thedetermination of elements that are either essential or that have toxic effects in the human 

body is therefore very important for nutritional and toxic analyses in food samples. Total 

elemental concentrations of Al, Ag, Ba, Ca, Co, Fe, Hg, Mg, Mn, Mo, Pb, Se, Sr, and Zn in 

nuts and seeds have been determined in several types of nut, including the Brazil nut in 

numerous papers previously (Kafaoglu et al. 2014; Naozuka et al. 2011, Rodushkin et al. 

2008; Cabrera et al. 2003; Naozuka et al. 2010; Kannamkumarath et al. 2004; Wuilloud et al. 

2004). 

In terms of nutrition, it is not sufficient to measure only the total concentrations of metal ions. 

Instead,  it is also important to know the bioavailability, i.e.the amount adsorbed and used by 

the organism or the bioaccessibility; that is the fraction of a metal which is solubilized from a 

sample under simulated gastrointestinal conditions (Nascimento et al. 2010; Intawongse & 

Dean 2006a).  

Information obtained for the bioavailable fraction from in vivo studies can be difficult to 

interpret because of physiological discrepancies between humans and the experimental 

animals adopted. Such problems led to the development of several in vitro systems based on 

gastrointestinal extraction that give an indication of the levels of metals accessible to the 

body by either intentional or unintentional ingestion of foods or soils. These systems include 

the so called physiologically-based extraction test (PBET) (Intawongse & Dean 2008). 

Several in vitro methods have been developed and are reported in the literature (Miller et al. 

1981; Crews et al. 1983; Ruby et al. 1993; Hack & Selenka 1996). In-vitro testing methods 

have been used most for assessing oral bioaccessibility of total trace metals in soil and food 

samples. These methods were reviewed by Intawongse and Dean (Intawongse & Dean 

http://www.sciencedirect.com/science/article/pii/S0048969707012338
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=S1kl384GFkljMTMMzHK&author_name=Dean,%20JR&dais_id=1528303&excludeEventConfig=ExcludeIfFromFullRecPage
http://www.sciencedirect.com/science/article/pii/S0269749107002564?np=y#bib13
http://www.sciencedirect.com/science/article/pii/S0269749107002564?np=y#bib13
http://www.sciencedirect.com/science/article/pii/S0269749107002564?np=y#bib4
http://www.sciencedirect.com/science/article/pii/S0269749107002564?np=y#bib19
http://www.sciencedirect.com/science/article/pii/S0269749107002564?np=y#bib9
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
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2006b). In-vitro extraction procedures to assess bioaccessibility seek to mimic processes that 

occur in typically two (or occasionally three) distinct, but linked, areas of the human 

digestive system; (i.e.  stomach and small intestine (and sometimes the mouth) (Intawongse 

& Dean 2006a).   

The present study will focus on the determination of the bioaccessible amounts of trace 

elements (B, Ca, Co, Cu, Fe, Mn, Mg, Ni and Zn) in some nuts and seeds using an in-vitro 

gastrointestinal method that employs enzymes and dilute hydrochloric acid; the modified  

PBET method..  This procedure  was first described by Ruby et al. (1996).  Two 

modifications have been adopted that make the test more reproducible and easier to undertake 

(Rodriguez et al. 1999; Ruby et al. 1999, Medlin 1997).  The original method useddialysis 

tubing containing sodium carbonate or bicarbonate which raised the pH of the digest ready 

for the small intestine extraction step. This was replaced by simply titrating the stomach 

extract directly with saturated sodium carbonate or bicarbonate solution to bring the pH to 7 

(Rodriguez et al. 1999).  Other workers (Medlin 1997, Ruby et al. 1999) showed that it was 

not necessary to maintain anaerobic conditions in the extraction solutions and the extraction 

could be carried out in screw top polypropylene vessels.  Agitation of the sample solution 

mixture could then be reproducibly carried out by end over end shaking in a water bath 

(Medlin 1997). A similar modified procedure has been used in several other research studies 

(Intawongse & Dean, 2008; Wragg et. al. 2007; Cave et al. 2002).   

 

2. Experimental 

2.1. Reagents and solutions 

Doubly de-ionized water (18.2 MΩ cm), obtained from a combined Prima and Maxima water 

system (Elga, Buckinghamshire, UK) was used throughout the experiment. Nitric acid (Trace 

Analysis grade, Fisher, Loughborough, UK) was used to digest the nut samples prior to total 

http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
http://www.sciencedirect.com/science/article/pii/S0269749107002564#bib20
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=S1kl384GFkljMTMMzHK&field=AU&value=Intawongse,%20M
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=S1kl384GFkljMTMMzHK&author_name=Dean,%20JR&dais_id=1528303&excludeEventConfig=ExcludeIfFromFullRecPage
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metal concentration determination. Stock standard solutions of individual metals (1000 or 

10,000 mg L
-1

) were supplied by Fisher.  

2.2. Instrumentation 

An ICP-MS instrument (X Series 2, Thermo Scientific, Hemel Hempstead, UK) was used for 

the determination of Co and Ni. Operating conditions for the ICP-MS instrument were: 

forward power 1.40 kW, coolant gas flow rate 13 L min
-1

, auxiliary gas flow rate 0.75 L min
-

1
 and nebulizer gas flow rate 0.9 L min

-1
. The dwell time per isotope was 10 ms and 50 

sweeps were used. An ICP-OES instrument (Varian 725-ES, Melbourne, Australia) was used 

for the determination of B, Ca, Cu, Fe, Mn, Mg, and Zn in the samples. Operating conditions 

for the ICP-OES instrument were: forward power 1.4 kW, plasma (coolant) gas flow rate 15 l 

min
−1

, auxiliary gas flow rate 1.5 l min
−1

; nebuliser gas flow rate 0.68 l min
−1

; the viewing 

height was 8 mm above the load coil and the replicate read time was 4 s. For both 

instruments,the sample was introduced via a V-groove nebulizer and a Sturman-Masters 

spray chamber. 

 

2.3. Procedure 

2.3.1. Sample preparation 

Hazelnuts, almonds, sunflower seeds, peanuts, cashew nuts, Brazil nuts, walnuts, chickpeas, 

pumpkin seeds and pistachio nuts were purchased from a shop in Bursa, Turkey. Some of the 

samples were imported: e.g. almonds from Spain, cashew nuts from India, walnuts from 

Chile and Brazil nuts from Brazil. Other samples were produced from different parts of 

Turkey. The samples were ground using a pestle and mortar. The pulverised and powdered or 

caked nut and seed samples were then transferred into plastic bags. All nuts and seeds were 

treated in an identical manner.  

2.3.2. Modified PBET Method 
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A mass of 0.4 g of the pulverized nuts and seeds  was weighed accurately into a wide-

mouthed HDPE (high density polyethylene) bottle.  A volume of 40 mL of simulated gastric 

solution (1.25 g pepsin (Aldrich), 0.50 g sodium malate (Aldrich), 0.50 g sodium citrate 

(Aldrich), 420 μL lactic acid (Aldrich) and 500 μL acetic acid (BDH) made up to 1 L with 

freshly prepared de-ionised water, adjusted to pH 2.5 with concentrated hydrochloric acid 

(BDH AristaR grade)) was added to each bottle.  The bottles were placed in an end over end 

shaker within a temperature controlled water bath set at 37°C.  After one hour at 37°C, a 5.0 

mL aliquot was removed and centifuged for 15 min at 3000 rpm. The liquid phase was 

decanted into a 15 mL capacitypolyethylene tube. This extraction sample is known as the 

gastric phase sample. Then,  5.0 mL of the original gastric solution was back-flushed through 

the filter into the HDPE bottle (to retain the original solid:solution ratio).  The conditions in 

the vessel were then altered from those that simulate the stomach to those in the small 

intestineby titration to pH 7.0 with saturated sodium bicarbonate and the addition of 175 mg 

bile salts (Aldrich) and 50 mg pancreatin (Aldrich).  The samples were then incubated in the 

water bath for a further four hours when a second 5 mL aliquot was removed and filtered.  

This sample is known as intestinal phase sample.   

2.3.3 Preparation of samples for total metal analysis 

Etc. etc 

2.3.4. Sample analysis 

The concentrations of Co and Ni were determined using ICP-MS and B, Ca, Cu, Fe, Mn, Mg, 

Ni and Zn concentrations were determined using ICP-OES for all sample types. As an 

internal standard for ICP-MS determinations, a mixture of indium and iridium was added to 

each digest to give a final concentration of 100 µg L
-1

 after dilution to 25 mL. Similarly, the 

internal standard mixture was also added to all blanks and standards. All results are expressed 
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as the mean of the three replicates. All statistical calculations were made using the IBM SPSS 

Statistics version 21 software (1989–2012)) package. 

For in vitro results, the bioaccessible metal concentrations for the stomach and 

intestinal digestions are calculated by dividing the metal ions’ concentrations measured in the 

in vitro gastric phase or the in vitro intestinal phase solutions by total concentrations of metal 

ions as described by the following equation (Intawongse and Dean 2008): 

𝐼𝑛 𝑣𝑖𝑡𝑟𝑜 𝑏𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑙𝑒 𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛, % =
[𝐼𝑛 − 𝑣𝑖𝑡𝑟𝑜 𝑚𝑒𝑡𝑎𝑙]

[𝑇𝑜𝑝𝑙𝑎𝑚 𝑚𝑒𝑡𝑎𝑙]
𝑥100 

 

3. Results and Discussion 

An in vitro gastro-intestinal method was applied to determine the trace element 

concentrations that can dissolve in gastric and intestinal solutions inform samples of  

different nuts and seeds. The concentrations of elements (B, Ca, Co, Cu, Fe, Mn, Mg, Ni and 

Zn) obtained using total sample digestion (Kafaoğlu et al. 2014) and the in-vitro 

gastrointestinal experiments in nuts and seeds (mean and standard deviation) and the 

proportion of the trace elements that are bioaccessible are given in Table 1. The data given in 

this Table indicate that the vast proportion of the trace elements are not bioaccessible.  The 

bioaccessible ratio is the highest for Zn in most of the nuts and seeds. The highest 

bioaccessible ratio in gastric phase was observed in hazelnut (20.6%) whereas 36.1 % of Zn 

is  bioavailable in pistachio nut after the intestinal phase digestion. The lowest bioaccessible 

ratios were generally obtained for B and Cu in most of the nuts and seeds samples where the 

highest bioavailable ratio for B is 11.3 % in the gastric phase in walnut and for Cu it is 11.1% 

in the intestinal phase of peanuts. Magnesium and calcium concentration in gastric and 

intestinal solutions were higher than other element’s concentrations for most of the nuts and 

seeds. It was shown that nuts and seeds are very healthy snacks because of their magnesium 

and calcium contents. These results also show that when the nuts and seeds are digested, even 
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though the bioaccessible fractions are not large, they are also still supplying very beneficial 

levels of  Fe, Mn and Zn which are essential elements for humans. Therefore the nuts and 

seeds are very good food supplements.         

Daily B, Ca, Co, Cu, Fe, Mn, Mg, Ni and Zn ingestion amounts from nuts and seeds have 

been calculated based on an ingestion rate of 10 g of nut or seed day
−1

 using the in vitro 

intestinal bioavailability. The results are given in Table 2 which also compares the levels 

found with the Dietary Reference Intakes (DRIs)  given as Recommended Dietary 

Allowances and Adequate Intakes (USDA (a), 2010; WHO, 1996) and Tolerable Upper 

Intake Levels (USDA (b), 2010). Although no safe Recommended Dietary Allowance (RDA) 

for cobalt has been established yet, the average adult intake of cobalt is 5 to 8 µg per day 

(University of UTAH Health Care). If cobalt is present in nutritional supplements, it is 

usually given in micrograms (µg). Recommended intakes of cobalt have not been set as the 

only form of cobalt required by the body is vitamin B12, of which cobalt is an integral part 

(Food Standards Agency, 2003). In the UK, COMA has set a RNI value for vitamin B12 of 

1.5 µg/day for adults, including pregnant women (COMA, 1991). The average daily intake of 

cobalt from food is estimated to be 5 to 40 µg/day (EPA, 2000). As can be seen form Table 2, 

the concentrations of these elements on an ingestion rate of 10 g day
−1

 of nuts and seeds 

using the in-vitro intestinal bioavailability results much lower than the Tolerable Upper 

Intake Levels. For most of the elements, consumption of 1 kg of seeds and nuts in a day 

would still be insufficient to reach the Tolerable Upper Intake Levels.  

 Further investigations were performed using Principal Component Analyses and Linear 

Discriminant Analysis (LDA) to investigate whether there is a relationship between metal 

ions in gastric and intestinal phases and nuts and seeds  

2.1 Principal Component Analyses 
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Principal Component Analysis was applied  to the average values for each element for each 

matrix (nut or seed) for gastric and intestinal ingestions given in Table 1. The principal 

components which have eigenvalues higher than 1 were extracted for each gastric and 

intestinal ingestions separately. The observations from PCA analyses were described as the 

score values for the matrix (nut or seed) and loading values for each trace element. The 

components were rotated using Varimax rotation. This led to the formation of three principal 

components for each in-vitro gastric ingestions. The first component accounted for 41.6 %, 

the second for 27.0 % and the third for 13.6 % of the total variation of the data. The first three 

components account for 82.2 % of variances for all of the data given for in-vitro gastric 

ingestion. Table 3 gives the loadings and the scores of the three rotated principal components 

for in-vitro gastric ingestion of these nuts and seeds. From Table 3, it can be seen that the 

concentrations of the first group of elements, B, Ca, Cu, Mn and Zn on the first principal 

component are higher for walnut and hazelnut than for the other nuts and seeds. This is 

because these samples have higher score values for the first principal component. The score 

and loading values of the second principal component were evaluated and demonstrated that 

the Brazil nuts have higher concentrations of Co, Mg and Ni than the other nuts and seeds. 

When the third principal component is interpreted, it is evident that the concentrations of Fe 

and Mn are higher in hazelnut than other nuts and seeds for in-vitro gastric ingestions of these 

nuts and seeds. 

The classification of the different nuts and seeds in the gastric phase from the viewpoint of 

metal contents can be made using three ways PC loading and score graphs. Fig. 1a shows the 

two way PCA loadings graphs (PC 1-2) and Fig. 1b shows the two way PCA score graphs 

(PC 1-2). The PC 1-2 graph shows the highest percentage of total variance of about 68.6%. 

Using Figure (1a and b), the nuts and seeds can be classified into five groups in gastric phase. 

These groups include: 
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Group 1: Brazil nuts  

Group 2: Walnuts, Hazelnuts, 

Group 3: Almonds, pistachio nuts, chickpeas, 

Group 4: Sunflower seeds, cashew nuts, 

Group 5: Pumpkin seeds, peanuts 

For in-vitro intestinal ingestions, the first component accounted for 44.1 %, the second for 

19.6 %, the third for 13.0 % and the fourth for 12.0 % of the total variation of the data. The 

first four components account for 88.7 % of variances for all of the data given for in-vitro 

intestinal ingestion. The first component represents the maximum variation of the data set. 

Table 4 gives the loadings and the scores of the four rotated principal components for in-vitro 

intestinal ingestion of these nuts and seeds. From Table 4, when the score and loading values 

of the first principal components were evaluated, it was demonstrated that Cu, Fe, Mg, Ni and 

Zn are higher for white sunflower seeds (the highest), and cashew than for the other nuts and 

seeds. The concentrations of Co and Cu on the second principal component are higher in 

Brazil nuts than the other nuts and seeds. When the third principal component is interpreted, 

it is evident that the concentrations of Ca are higher in almond and pistachio than in other 

nuts and seeds for in-vitro intestinal ingestions. Interpretation of the fourth principal 

component demonstrates that the concentrations of B and Mn are higher in hazelnut (the 

highest) and sunflower seeds. Three ways PC loading and score graphs were made for the 

classification of the different nuts and seeds in intestinal phase from the viewpoint of metal 

contents. Fig. 2 a shows the three way PCA loadings graphs (PC 1-2-3) and Fig. 2 b shows 

the three way PCA score graphs (PC 1-2-3). The PC 1-2-3 graph shows the highest 

percentage of total variance of about 76.7. Using Figure (2a and 2b), the nuts and seeds can 

be classified into four groups in the intestinal phase. These groups include: 

Group 1: Chickpeas, Pumpkin seeds, cashew nuts, sunflower seeds 
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Group 2: Brazil nuts,  

Group 3: Hazelnuts, Walnuts, 

Group 4: Almonds, pistachio nuts, peanuts 

The recognition of the groups made to classify the nuts and seeds for gastric and intestinal 

ingestions using PCA were done by introducing these groupings to Linear Discriminant 

Analysis (LDA), below. 

 

Linear discriminant analysis 

Linear discriminant analysis can be used to show how these group members made by PCA 

above for gastric and intestinal ingestions may correctly be classified as a percentage of the 

original group. The linear discriminant analysis was performed for the 9 elements on each of 

the groups for gastric and intestinal ingestions resulting from PCA as discussed above.  The 

recognition of the groups was highly satisfactory for gastric digestions using LDA; withall 

the group members determined using PCA being predicted to be 100.0%  correctly classified. 

Also, cross-validation segments for the LDA model validation were performed for all the data 

sets for nuts and seeds for the gastric digestions with 90.0 % of the cross-validated grouped 

cases being correctly classified using PCA. From the results of the cross-validation, only the 

Brazil nuts were mis-classified using the PCA interpretations made above. This nut should 

have been included in Group 2 according to the cross-validated groups.   

Four canonical discriminant functions with Eigenvalues greater than 1 were obtained from 

the data. The first canonical discriminant function explains 95.7 % of the variance. The 

discriminant equation of the first function is: 

Z= -10.06 + (3.10 x Co) + (53.01 x Cu) + (-9.51 x Mn) + (-0.21 x Ni) 
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The concentrations of each of the metals were inserted to this equation and the figure 

obtained for each nut or seed type is given in the parentheses below enablingthe first 

canonical discriminant function for each of the nuts and seeds from gastric indigestions to 

make clear groupings :  

Group 1: Brazil nuts (129.3)  

Group 2: Walnuts (6.43), Hazelnuts (6.55), 

Group 3: Almonds (-5.40), pistachio nuts (-8.00), chickpeas (-6.95), 

Group 4: Sunflower seeds (-38.9), cashew nuts (-39.9), 

Group 5: Pumpkin seeds (-22.3), peanuts (-20.8) 

 

The group members for intestinal digestions determined by PCA are in the predicted group 

that 100.0% of original grouped cases were correctly classified. From cross-validation 

segments for the LDA model validation, 90.0 % of cross validated grouped cases were 

correctly classified above by PCA. Only Brazil nuts were mis-classified by PCA 

interpretations made above from the results of the cross-validation. This nut should have been 

included in Group 1 according to the cross-validated groups.   

Three canonical discriminant functions with Eigenvalues greater than 1 were obtained by 

linear discriminant analyses. The first canonical discriminant function explains nearly 100 % 

of the variance. The discriminant equation of the first function is: 

 

Z= -79.0 + (0.025 x Ca) + (2.73 x Co) + (-22.7 x Mn) + (10.2 x Zn) 

 

The concentrations of each of the metals in the intestinal digestions were inserted to the 

equation above and the figure obtained for each nut or seed type is given in the parentheses 
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below. The calculated values given in the parentheses from first canonical discriminant 

function for each of the nuts and seeds enables clear groupings to be made:  

Group 1: Chickpeas (-14.2), Pumpkin seeds (-15.7), cashew nuts (-12.4), sunflower seeds           

(-4.2) 

Group 2: Brazil nuts (269.0),  

Group 3: Hazelnuts (-62.3), Walnuts (-62.9), 

Group 4: Almonds (-28.7), pistachio nuts (-29.5), peanuts (-29.1) 

The linear discriminant analyses therefore proved that the groupings for gastric and intestinal 

digestions made by PCA are highly accurate because the figures for each of the nuts in each 

of the groups are very close to each other.  

 

Conclusions 

The trace element concentrations that can dissolve in gastric and intestinal solutions 

obtained from different nuts and seeds were determined using an in vitro gastro-intestinal 

method.  The bioaccessible ratio of elements (B, Ca, Co, Cu, Fe, Mn, Mg, Ni and Zn) in nuts 

and seeds was calculated using concentrations found using total digestion and the in-vitro 

gastrointestinal experiments in nuts and seeds. The bioaccessible ratio as expressed as a 

percentage was highest for Zn compared with other elements while the ratio was the lowest 

for B in gastric and intestinal solutions for each of the nuts and seeds. Magnesium and 

calcium concentrations in gastric and intestinal solutions were higher than other element’s 

concentrations for most of the nuts and seeds. The concentrations of B were the lowest for the 

other elements in gastric and intestinal solutions for each of the nuts and seeds. 

 Relationships between nuts and seeds from the perspective of metal concentrations in 

gastric and intestinal solutions were demonstrated using PCA interpretations.  The 

chemometric tool of  LDA demonstrated that these groupings made using PCA in gastric and 



14 
 

intestinal digestions were 100% correctly classified. The interpretations between nuts and 

seeds using their heavy metal concentrations are based solely on the statistical analysis of the 

analytical data obtained.  
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Figure 1 . Two way Principal Component Analysis loadings and score plot for gastric 

ingestions  

Figure 2. Three way Principal Component Analysis loadings and score plot for intestinal 

ingestions 
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Table 1. Concentrations of elements obtained using total digestion and the in-vitro gastrointestinal experiments in nuts and seeds (mean and 

standard deviation) 

   B (mg/kg) Ca (mg/kg) Co (μg/kg) Cu (mg/kg) Fe (mg/kg) Mg (mg/kg) Mn 

(mg/kg) 

Ni (μg/kg) Zn (mg/kg) 

Hazelnut Total* 15.98±0.47 1436.52±71.17 269.44 ± 9.71 13.71±0.41 25.95 ± 1.02 1276.00±18.65 53.47±1.73 1497.25±57.75 16.02 ±0.15 

Gastric 1.29±0.28 116.28±9.49 22.40±1.12 0.78±0.08 1.76±0.31 172.50±12.44 5.98±0.46 179.54±8.17 3.31±0.15 

Intestinal 1.57±0.15 121.15±5.99 35.01±0.78 1.27±0.09 3.05±0.23 187.76±6.25 6.02±0.07 211.69±22.16 5.40±0.37 

Gastric phase (%) 8.1 8.1 8.3 5.7 6.8 13.5 11.2 12.0 20.6 

Intestinal phase (%) 9.8 8.4 13.0 9.3 11.8 14.7 11.3 14.1 33.7 

Almond Total* 27.76±4.04 2708.78±99.25 69.03 ± 8.82 11.65±0.83 20.57 ± 1.92 2057.19±135.34 21.13±0.94 1040.03±118.14 27.31 ±0.98 

Gastric 0.95±0.26 119.40±39.12 2.76±0.45 0.45±0.11 1.15±0.06 136.95±23.12 1.10±0.27 83.29±7.65 3.35±0.61 

Intestinal 1.40±0.09 187.30±16.73 10.62±0.71 1.20±0.10 3.03±0.19 258.63±18.22 2.09±0.14 238.61±91.07 6.31±0.56 

Gastric phase (%) 3.4 4.4 4.0 3.9 5.6 6.7 5.2 8.0 12.3 

Intestinal phase (%) 5.0 6.9 15.4 10.3 14.7 12.6 9.9 22.9 23.1 

Pistachio Total* 10.82±2.12 1792.70±11.26 10.66 ± 1.00 10.24±0.30 24.92  ± 3.87 1109.24±22.99 9.11±0.23 1244.85±41.99 16.81 ±0.65 

Gastric 0.50±0.30 159.48±8.57 1.94±0.11 0.51±0.11 0.80±0.01 117.81±7.41 0.78±0.01 114.73±11.49 3.05±0.20 

Intestinal  0.90±0.19 212.21±8.50 3.21±0.41 1.07±0.18 1.14±0.06 174.39±6.63 1.16±0.02 181.32±5.76 6.07±0.19 

Gastric phase (%) 4.6 8.9 18.2 5.0 3.2 10.6 8.6 9.2 18.2 

Intestinal phase (%) 8.3 11.8 30.1 10.4 4.6 15.7 12.7 14.6 36.1 

Peanut Total* 19.65±1.43 676.48 ±2.62 52.00 ± 7.62 7.00 ±0.26 13.72 ± 0.58 1549.15±29.89 16.38±0.93 1597.57±145.99 22.15 ±1.40 

Gastric 0.53±0.12 31.26±3.18 2.54±0.56 0.26±0.10 0.74±0.04 79.22±6.56 0.54±0.10 130.49±38.86 2.18±0.15 

Intestinal 1.78±0.70 66.32±5.54 9.96±1.35 0.78±0.04 2.69±0.16 164.93±10.91 1.59±0.10 253.41±26.56 5.62±0.17 

Gastric phase (%) 2.7 4.6 4.9 3.7 5.4 5.1 3.3 8.2 9.8 

Intestinal phase (%) 9.0 9.8 19.2 11.1 19.6 10.6 9.7 15.9 25.4 

Cashew Total* 9.06±0.30 386.28 ±9.77 52.56 ± 6.38 15.96±0.23 53.04 ± 3.22 2025.25±38.98 12.39±0.31 3812.37±102.44 39.12 ±0.64 

Gastric 0.37±0.13 25.31±2.10 4.10±0.44 0.43±0.05 1.06±0.12 127.05±13.42 0.68±0.07 283.61±21.77 3.48±0.31 

Intestinal 0.53±0.04 39.70±1.74 10.78±1.25 1.29±0.10 5.60±0.65 227.42±1.66 1.30±0.03 568.29±38.51 6.45±0.09 

Gastric phase (%) 4.0 6.6 7.8 2.7 2.0 6.3 5.5 7.4 8.9 

Intestinal phase (%) 5.9 10.3 20.5 8.1 10.6 11.2 10.5 14.9 16.5 

Brazil 

 nut 

Total* 9.79±0.29 1315.27±17.41 926.96±14.37 18.69±0.73 21.29 ± 1.36 3323.20±24.59 11.98±0.16 5126.52±39.60 32.06 ±1.15 

Gastric 0.45±0.11 90.54±1.34 69.18±7.45 0.71±0.02 0.85±0.02 284.94±6.45 0.89±0.02 503.74±19.43 3.62±0.08 

Intestinal  0.85±0.06 62.89±1.31 113.79±13.58 1.86±0.33 3.61±0.33 345.23±19.31 1.16±0.12 673.09±25.37 6.10±0.69 

Gastric phase (%) 4.6 6.9 7.5 3.8 4.0 8.6 7.4 9.8 11.3 

Intestinal phase %) 8.7 4.8 12.3 10.0 17.0 10.4 9.7 13.1 19.0 

Walnut Total* 15.5± 1.35 793.04±66.92 29.11 ± 3.44 11.73±0.56 22.08±1.01 1034.96± 61.66 24.23±1.62 718.66±80.32 23.25 ±0.50 

Gastric 1.75±0.52 92.01±4.05 4.33±0.19 1.05±0.15 0.34±0.09 143.15±8.55 3.18±0.24 107.91±16.05 4.51±0.13 

Intestinal  1.37±0.07 93.10±5.40 7.57±0.58 1.08±0.18 1.32±0.13 139.20±7.82 2.12±0.03 145.38±49.15 4.06±0.20 

Gastric phase (%) 11.3 11.6 14.9 9.0 1.5 13.8 13.1 15.0 19.4 

Intestinal phase %) 8.8 11.7 26.0 9.2 6.0 13.4 8.8 20.2 17.5 
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Table 1. Continued 

 

   B (mg/kg) Ca (mg/kg) Co (μg/kg) Cu (mg/kg) Fe (mg/kg) Mg (mg/kg) Mn 

(mg/kg) 

Ni (μg/kg) Zn (mg/kg) 

Chick pea Total* 7.26±0.76 515.49±12.25 102.36 ± 5.63 7.42 ±0.12 28.96 ± 3.22 805.50±14.91 14.35±0.36 1904.52±57.93 19.99 ±0.35 

Gastric 0.71±0.28 60.14±7.25 11.50±1.70 0.35±0.03 1.02±0.10 103.47±13.97 1.53±0.22 177.16±30.20 3.64±0.34 

Intestinal 0.37±0.08 73.05±1.70 17.65±1.21 0.71±0.11 4.23±0.27 116.08±3.65 1.72±0.07 283.78±4.74 5.29±0.23 

Gastric phase (%) 9.8 11.7 11.2 4.8 3.5 12.8 10.7 9.3 18.2 

Intestinal phase (%) 5.1 14.2 17.2 9.6 14.6 14.4 12.0 14.9 26.5 

Pumpkin 

seed 

Total* 12.41±1.91 314.69±9.89 116.86±10.91 10.65±0.31 61.30 ± 2.34 4111.59±154.92 42.66±1.03 1929.99±125.82 59.16 ±2.31 

Gastric 0.25±0.07 16.01±1.06 2.09±0.24 0.15±0.02 0.66±0.09 105.09±13.56 0.79±0.10 91.49±8.77 2.15±0.17 

Intestinal 0.72±0.12 36.21±2.30 16.13±1.33 0.80±0.15 4.00±0.31 276.25±21.07 2.23±0.14 312.51±11.37 6.79±0.08 

Gastric phase (%) 2.0 5.1 1.8 1.4 1.1 2.6 1.8 4.7 3.6 

Intestinal phase (%) 5.8 11.5 13.8 7.5 6.5 6.7 5.2 16.2 11.5 

Sunflower 

seed 

Total* 20.28±2.60 900.72 ±1.58 92.70 ± 8.19 18.20±0.75 45.85 ± 2.23 2826.43±58.72 25.11±0.10 5535.38±85.34 45.82 ±0.89 

Gastric 1.12±0.77 50.41±8.34 6.19±1.76 0.45±0.02 1.30±0.27 138.33±13.00 0.10±0.03 342.49± 83.87 3.40±0.37 

Intestinal  1.61±0.39 98.07±2.10 12.50±0.55 1.89±0.07 5.34±0.09 326.87±2.07 2.28±0.09 701.99±44.52 7.87±0.44 

Gastric phase (%) 5.5 5.6 6.7 2.5 2.8 4.9 0.4 6.2 7.4 

Intestinal phase (%) 7.9 10.9 13.5 10.4 11.6 11.6 9.1 12.7 17.2 

 

*These data were obtained from Kafaoğlu et al. 2014. 
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Table 2 Amounts (g/day) of metal ingested from the assumption of a nuts or seeds ingestion rate of 10 g day
-1

 for different nuts and seed 

samples calculated from values taken by in-vitro intestinal bioavailability results.  

 B Ca Co Cu Fe Mg Mn Ni Zn 

Hazelnut 15.7 1211 0.35 12.7 30.5 1877 60.2 2.12 54.00 

Almond 14.0 1873 0.11 12.0 30.3 2586 20.9 2.39 63.10 

Pistachio 8.97 2122 0.03 10.7 11.4 1743 11.6 1.81 60.72 

Peanut 17.8 663 0.10 7.76 26.9 1649 15.9 2.53 56.24 

Cashew 5.33 396 0.11 12.8 55.9 2274 12.9 5.68 64.47 

Brazil nuts 8.52 628 1.14 18.6 36.1 3452 11.6 6.73 60.97 

Walnut 13.7 930 0.08 10.8 13.2 1392 21.2 1.45 40.61 

Chickpea 3.72 730 0.18 7.08 42.3 1160 17.2 2.84 52.93 

Pumpkin seed 7.21 362 0.16 7.96 40.0 2762 22.3 3.13 67.86 

Sunflower seed 16.1 980 0.13 18.9 53.4 3268 22.8 7.02 78.73 

Recommended Dietary 

Allowances and 

Adequate Intakes 

**1.52 

mg/day 

*1000 

mg/day 

*2.4 µg/day as 

Vitamin B12 

*900 

µg/ 

day    

*8 mg/ 

day for 

male 18 

mg/day 

for female 

*420 mg/ day 

for male 320 

mg/day for 

female 

 *2.3 mg/ 

day for 

male 1.8 

mg/day for 

female 

**150 

µg/day 

*11 mg/ day for 

male 8 mg/day for 

female 

Tolerable Upper Intake 

Levels* (mg/day) 

20  2500 ND 10 45 350  11 1 40 

 

*Dietary Reference Intakes (DRIs) were given as Recommended Dietary Allowances and Adequate Intakes by USDA, (a) and Tolerable Upper 

Intake Levels by USDA, (b). 

** These values are given by World Health Organization Geneva 1996 as average daily intakes (WHO, 1996). 
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ND = Not determinable due to lack of data of adverse effects in this age group and concern with regard to lack of ability to handle excess 

amounts. Source of intake should be from food only to prevent high levels of intake (USDA (b)). 
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Table 3. The loadings and the scores of the three rotated principal components for gastric phase 

 

The Loadings The scores 

Element PC1 PC2 PC3 Nut or Seed PC1 PC2 PC3 

B 0.88 -0.19 0.08 Hazelnut 1.03 0.02 2.44 

Ca 0.60 0.06 0.25 Almond 0.22 -0.52 0.36 

Co 0.09 0.94 0.09 Pistachio 0.06 -0.48 -0.17 

Cu 0.93 0.29 -0.05 Peanut -1.05 -0.71 -0.25 

Fe 0.00 0.13 0.93 Cashew -0.62 0.18 -0.21 

Mg 0.30 0.92 0.08 Brazil Nut -0.06 2.67 -0.45 

Mn 0.68 -0.08 0.56 Walnut 2.14 -0.54 -1.57 

Ni -0.11 0.93 -0.01 Chickpeas -0.16 -0.26 -0.02 

Zn 0.81 0.28 -0.22 Pumpkin Seed -1.33 -0.63 -0.31 

    Sunflower Seed -0.22 0.26 0.17 
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Table 4. The loadings and the scores of the three rotated principal components for intestinal phase 

 

The Loadings The scores 

Element PC1 PC2 PC3 PC4 Nut or Seed PC1 PC2 PC3 PC4 

B 0.10 -0.01 0.41 0.75 Hazelnut -0.62 0.32 -0.27 2.32 

Ca -0.03 -0.15 0.91 0.09 Almond 0.46 -0.38 1.30 0.12 

Co 0.05 0.95 -0.16 -0.06 Pistachio -0.23 -0.45 1.91 -1.00 

Cu 0.65 0.65 0.13 0.17 Peanut -0.49 -0.54 -0.05 0.34 

Fe 0.67 -0.05 -0.70 -0.05 Cashew 0.62 -0.45 -1.23 -0.77 

Mg 0.80 0.49 -0.02 0.00 Brazil Nut 0.24 2.69 -0.14 -0.71 

Mn -0.15 -0.01 -0.11 0.90 Walnut -1.47 0.20 0.35 0.19 

Ni 0.77 0.45 -0.35 -0.17 Chickpeas -0.90 -0.58 -1.05 -0.90 

Zn 0.96 -0.10 -0.03 -0.07 Pumpkin Seed 0.23 -0.62 -0.93 -0.29 

     Sunflower Seed 2.16 -0.20 0.11 0.70 
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a)  Loading graph 

 

 

 

 

b) Score graph (1.hazelnuts, 2. almonds, 3. pistachio 

nuts, 4. peanuts, 5. cashew nuts, 6. Brazil nuts, 7. 

walnuts, 8. chickpeas, 9. pumpkin seeds, 10. sunflower 

seeds) 

 

Figure 1 . Two way Principal component analysis loadings and score plot for gastric ingestions  
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a)  Loading graph b) Score graph (1.hazelnuts, 2. almonds, 3. pistachio nuts, 

4. peanuts, 5. cashew nuts, 6. Brazil nuts, 7. Walnuts 8. 

chickpeas, 9. pumpkin seeds, 10. sunflower seeds) 

 

Figure 2 . Three way Principal component analysis loadings and score plot for intestinal ingestions 

 

 

 

 

 


